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ISOLATION OF THE ACID-SOLUBLE NUCLEOTIDES OF LIVER 


By 8S. RAPOPORT ann NORTON NELSON 


(From the Children’s Hospital Research Foundation, the May Institute for Medical 
Research of the Jewish Hospital, and the Departments of Pediatrics and Biological 
Chemistry, College of Medicine, University of Cincinnati, Cincinnati) 


(Received for publication, August 27, 1945) 


In the course of studies on the acid-soluble phosphorus compounds of 
liver and kidney, it became evident that the fraction comprising the nucleo- 
tides represented a complex mixture (1). In an attempt to isolate the indi- 
vidual nucleotides, methods designed to minimize the breakdown of labile 
phosphorus compounds were employed. The isolation of adenylic acid and 
of a material representing a mixture of adenosine di- and triphosphate from 
rabbit and dog liver is reported in the present communication. 

The following steps were taken in the isolation of the products. The 
organs were removed quickly from narcotized animals and put into a dry 
ice-ether mixture. In the trichloroacetic acid extract the nucleotides to- 
gether with glutathione and an unknown nitrogen-free phosphorus com- 
pound were precipitated with mercuric acetate. After removal of the 
mercury, the barium salts were prepared and divided into a soluble fraction, 
containing adenylic acid and glutathione, and an insoluble fraction, contain- 
ing adenosine triphosphate and the bulk of the adenosine diphosphate. 
From the soluble fraction free adenylic acid was isolated after a preliminary 
precipitation with phosphotungstic acid to separate it from glutathione. 
Adenosine triphosphate and the bulk of the adenosine diphosphate, present 
in the insoluble fraction of the barium salts, were isolated after repeated 
fractionation as silver salts from 0.2 N nitric acid to remove the nitrogen-free 
contaminant. 

The preparations were analyzed for nitrogen by a Kjeldahl procedure, 
for adenine (2), and for easily hydrolyzable and total P (3). Determination 
of the total nucleotide phosphorus was performed with rattlesnake venom 
as a specific nucleotidase according to Hitchings (4). The content of adeno- 
sine triphosphate was assayed by three methods, (a) rattlesnake venom 
(4), (6) myosin (5, 6), and (c) washed lobster muscle (7). 


Isolation Procedure 


For experiments on a preparative scale the livers of two or three rabbits 
or of one dog were removed under anesthesia, cut quickly into small chunks 
With shears, and dropped into a dry ice-ether mixture. 100 gm. portions 
of liver were ground in a Waring blendor with 5 volumes of 5 per cent tri- 
chloroacetic acid for periods of 4 minutes. The resulting mixtures were 
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centrifuged and the supernatant fluids were filtered. The filtrate, more or 
less opalescent according to the amount of glycogen, was neutralized with 
5 n NaOH, and 0.05 volume of a solution of 20 gm. of mercuric acetate in 
100 cc. of 2 per cent acetic acid was added. After standing for several 
hours the precipitate was centrifuged, washed once with a 40-fold dilution 
of the mercuric acetate reagent, suspended in water, and decomposed with 
HS. The supernatant fluid of the mercury sulfide precipitate and the 
washings were freed of H.S by aeration. They were opalescent and some- 
times brownish in color, owing to the presence of glycogen and of finely dis- 
persed mercuric sulfide. 1 volume of a 50 per cent solution of barium ace- 
tate and 0.2 volume of alcohol were added and the fluid was made alkaline 
to phenolphthalein by the addition of NaOH. 15 minutes later the precipi- 
tate was separated by centrifugation, redissolved in trichloroacetic acid, 
and reprecipitated as barium salt in the same manner as before. The 
isolation of adenosine diphosphate and triphosphate from the precipitate is 
described in Section 1, and of adenylic acid from the supernatant fluid in 
Section 2. 

Section 1. Isolation and Analysis of Mixture of Adenosine Di- and 
Triphosphate—The precipitate of water-insoluble barium salts was dis- 
solved in a small amount of 0.5 Nn HNOs, and enough H»,SO, was added to 
precipitate all the barium which was removed by centrifugation. The 
glycogen, which accompanied the nucleotides up to this point, was then 
precipitated by the addition of 0.66 volume of alcohol, and removed by 
centrifugation. The glycogen was dissolved and reprecipitated once more 
from a small volume of fluid. A few ec. of 5 n AgNO ; were added to the 
combined supernatant fluid which contained 40 per cent of alcohol by vol- 
ume and which was 0.2 N with respect to nitric acid. The resulting pre- 
cipitate was centrifuged, decomposed with H.S, aerated, and the nucleotides 
were reprecipitated twice more from a 0.2 N nitric acid solution by the 
addition of 0.05 volume of AgNO ;. This fractionation as silver salt effected 
the removal of a nitrogen-free phosphorus compound occurring in liver. 
For analytical purposes the anhydrous alkaline barium salts were prepared. 
The yield of adenosine polyphosphate was about 100 mg. of barium salt 
per 100 gm. of liver. 


Analyses— 
Rabbit liver nucleotide, found, N 9.4, P 10.3, Ba 33.2, N:P = 5:2.48 
Dog liver nucleotide, x * C4," 07, “0, “ =2tae 
Ci9H20u.N 5P;Bae, calculated, .. 64: :° 12.0, " 35.3, - m §:3 
C1 9Hys0;0N 5P2Bay.5, ag st * Baa” Ae © A = 5:2 


The proportion of hydrolyzable phosphate was 60 and 54 per cent of the 
total for the rabbit liver and the dog liver preparations, respectively. The 
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purine nitrogen content amounted to 98 per cent of the total nitrogen. The 
purine of the nucleotides was identified as adenine by preparation of the 
picrate in 90 to 92 per cent yield, according to the procedure of Kerr (8). 
These adenine picrate crystals melted sharply at 289°. The picrate from 
the rabbit liver preparation was analyzed for nitrogen with the following 
results. 


CyHsN sO; (364.24). Caleulated, N 30.8; found, N 30.7 


Adenosine diphosphate was prepared from the nucleotide mixture of the 
rabbit liver by the use of washed lobster muscle (7) in 82 per cent yield. 
It was isolated by following closely the procedure described by Engelhardt 
(5). The anhydrous barium salt was analyzed with the following results. 


Cy 9Hi30;0N;P2Ba,5. Caleulated. N 11.1, P 9.8, Ba 32.7, N:P 5:2 
5:2 


Found. Rs. ts) aoe 04 


50 per cent of the phosphate was hydrolyzable by heating for 15 minutes 
in N acid at 100°. Analysis of this material with the enzyme of the rattle- 
snake venom and with myosin indicated the presence of 92 to 94 per cent of 
adenosine diphosphate, the rest being adenosine triphosphate. 


Enzyme Experiments 


Assay of Adenosine Triphosphate Content by Use of Rat Myosin—This 
method is based on the fact that purified myosin acts as an adenosinetri- 
phosphatase, converting adenosine triphosphate to adenosine diphosphate 
with the liberation of 1 mole of inorganic P per 1 mole of the triphosphate 
(Engelhardt). The myosin used in these experiments was prepared from 
rat muscle by the method of Bailey (6) with slight modifications. For the 
assay of adenosine triphosphate the reaction mixtures were prepared as 
follows: 1 cc. of myosin solution in 0.1 m glycine buffer of pH 9.1 and con- 
taining 0.1 to 0.3 mg. of protein nitrogen, and 0.1 cc. of 0.1 mM CaCk solution 
were added to 2.5 cc. of a neutral substrate solution. The mixtures were 
incubated at 37° tor 30 minutes, and the reaction was then stopped by the 
addition of 4 cc. of 20 per cent trichloroacetic acid. Water was then added 
to the volume of 10 ec. Control samples were set up by adding the tri- 
chloroacetic acid before the addition of the enzyme. The difference be- 
tween the values for inorganic P before and after incubation represents 
one-third of the adenosine triphosphate content of the substrate. The 
enzyme was checked repeatedly with pure adenosine triphosphate from 
rabbit muscle, and with an adenosine diphosphate preparation, with results 
conforming to expectations. 

Assay of Adenosine Triphosphate Content by Use of Washed Lobster 
Muscle—Lobster muscle washed repeatedly with 0.06 m KCI solution, 
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according to Lohmann (7), acts like myosin in splitting adenosine tri- 
phosphate. The experiments were performed in the manner described by 
him (7) and by Kiessling and Meyerhof (9). From test preparations of 
adenosine triphosphate about 10 per cent more inorganic P was liberated 
than was expected. 

Determination of Total Nucleotide P and of Adenosine Triphosphate Con- 
tent by Use of Rattlesr.ake Venom—The venom of the rattlesnake, Crotalus 
adamanteus, according to Hitchings (4) acts as a specific nucleotidase, 
Adenylic acid and adenosine diphosphate are hydrolyzed by the venom 
with complete liberation of their P as orthophosphate, while adenosine 
triphosphate is decom posed with the formation of 1 mole of pyrophosphate 
and | mole of orthopLosphate. The inorganic pyrophosphate, representing 
two-thirds of the tot:.| P of adenosine triphosphate, may be hydrolyzed by 
heating in Nn acid for 15 minutes at 100°. The estimate of the inorganic 
pyrophosphate provides another measure of the adenosine triphosphate 
content of nucleotide preparations. By combined enzyme action and acid 
hydrolysis complete liberation of the P from nucleotides may be achieved. 
With test preparations the adenosine triphosphate content was found to be 
somewhat low by this method, since apparently some hydrolysis of the 
inorganic pyrophosphate takes place during the course of incubation. 
The estimates of the total nucleotide content, however, were found to be 
reliable. The experiments were performed as follows: 2 to 4 ec. of sub- 
strate solution containing about 0.3 mg. of nucleotide P were neutralized 
with a few drops of a 10 per cent NaHCO; solution. 1 cc. of Michaelis 
buffer and 2.5 mg. of venom dissolved in 1 ec. of 0.9 per cent NaCl solution 
were added. The mixtures were incubated for 75 minutes at 38°, and the 
experiments were terminated by the addition of 4 cc. of trichloroacetic 
acid and of water to the volume of 10 cc. Inorganic P and easily hydro- 
lyzable P were determined. It was assumed that 1.5 times the value for 
the easily hydrolyzable P corresponded to the adenosine triphosphate 
content, while the value for inorganic P at the end of 15 minutes hydrolysis 
in N acid represented the total amount of nucleotide phosphorus. Assay of 
adenosine triphosphate content of liver nucleotide polyphosphate prepara- 
tion gave the following results, in per cent of total. 











Liver N:P ratio Myosin Venom Lobster muscle 
ee be 48 54 51 60 
Dog. 29 39 36 48 
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The total nucleotide P value in each case corresponded closely to the 
value for total phosphorus. 
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Section 2. Isolation of Adenylic Acid—The supernatant fluid of the 
barium precipitate contained adenylic acid with about 15 per cent 
admixture of adenosine diphosphate in terms of purine nitrogen, but was 
free of adenosine triphosphate as judged by tests with rattlesnake venom 
and myosin. 3 volumes of 95 per cent alcohol were added to this super- 
natant fluid. The resulting precipitate, containing glutathione in addition 
to the nucleotides, was extracted three times with dilute acetic acid, a 
small residue being discarded. The barium in the combined extracts was 
removed with sulfuric acid, the solution was made 0.5 N with respect to 
sulfuric acid, and 0.2 volume of 20 per cent phosphotungstic acid in 0.5 
wn H,SO, was added. The mixture was kept ice-cold overnight. The pre- 
cipitate was separated by centrifugation, washed twice with 2 per cent 
phosphotungstic acid, and was then dissolved in 50 per cent acetone. 
Baryta was added to the definitely alkaline reaction of phenolphthalein. 
The bulky precipitate of barium phosphotungstate was extracted several 
times with dilute baryta solution. An excess of 40 per cent lead acetate 
solution and 1 volume of alcohol was added to the combined extract. The 
lead precipitate was washed two times with 50 per cent alcohol, suspended 
in water, decomposed with H.S, and a few drops of dilute H.SO, were added 
to remove small amounts of barium. The supernatant fluid of the lead 
sulfide combined with the washings was concentrated almost to a dryness 
in vacuo at a temperature below 40°. The contents of the flask were 
transferred with several small washings of hot water into a small tube. 3 
volumes of acetone were added and the tube was left in a refrigerator over- 
night. The adenylic acid was recrystallized three times from 50 per cent 
acetone. Small amounts of phosphotungstic acid which escaped the pre- 
cipitation with barium were removed in the process of recrystallization from 
acetone. The nucleotide was recrystallized twice more from hot water, 
and then washed with alcohol and ether. The resulting white product 
melted at 196°, uncorrected. The yield of adenylic acid was about 10 mg. 
per 100 gm. of liver. Analysis of the anhydrous material gave the following 
results. 


C;oH,;,O;N;P (347.3). Calculated, N 20.2, P 8.9; found, N 20.3, P 8.8 
DISCUSSION 


The presence in the liver of acid-soluble nucleotides less highly phos- 
phorylated than adenosine triphosphate appeared likely when it was found 
that the easily hydrolyzable P represented only 45 per cent of the P which 
is precipitated by mercuric acetate (1). This supposition was supported 
by the finding that the concentrations of purine nitrogen and of pentose in 
the trichloroacetic acid extracts were in excess of those calculated for 
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adenosine triphosphate from the data on the easily hydrolyzable P. Dif. 
ferences between fed and fasted rats indicated that the presumed mixture 
of nucleotides was subject to variations under different conditions of the 
metabolism of the liver. The isolation of adenylic acid and of a mixture of 
adenosine di- and triphosphate, here reported, supports the conclusion 
reached from the earlier experiments. However, in view of the chemical 
lability of adenosine triphosphate and of the presence of powerful enzyme 
systems in liver, the possibility should be examined that the less highly 
phosphorylated nucleotides were products of chemical or enzymatic break- 
down. As far as adenosine diphosphate is concerned this possibility 
appears remote, considering the large amounts found and the fact that this 
substance is not known to be a product of the chemical breakdown of 
adenosine triphosphate. The chance of such an origin of adenylic acid 
may be denied with less assurance, since this compound can be formed both 
enzymatically and by chemical breakdown of adenosine triphosphate at 
alkaline reaction. The extent of the enzymatic breakdown was kept at a 
minimum by prompt freezing of the organs after removal. The success of 
this measure was indicated by the close correspondence of the figures 
for inorganic and easily hydrolyzable P between extracts of small and of 
large tissue samples. In the fractionation of the barium salts, under 
conditions which favor the breakdown of adenosine triphosphate to adenylic 
acid, the exposure to alkaline reaction was as brief as possible with careful 
control of the temperature. No significant formation of adenylic acid 
took place during the isolation procedure, as judged from the analyses by 
the method of Hitchings, which were carried out at every step. 

The acid-soluble nucleotides in various tissues appear to vary both in 
concent: ation and in degree of phosphorylation. In muscle, brain (8), 
and in erythrocytes (10, 11) almost the entire nucleotide content is ac- 
counted for as adenosine triphosphate. In liver, in heart muscle (12), 
and in kidney (unpublished work), on the other hand, less highly phos- 
phorylated nucleotides can be demonstrated. The factors responsible 
for such differences are at the present time a subject for speculation only. 

SUMMARY 

The acid-soluble nucleotides of liver comprise a mixture of compounds 
representing different degrees of phosphorylation of adenylic acid. The 
isolation of adenylic acid and of a mixture of adenosine triphosphate and 
adenosine diphosphate from trichloroacetic acid extracts of liver is re- 
ported. 
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and Biological Chemistry, College of Medicine, University of 
Cincinnati, Cincinnati) 


(Received for publication, August 27, 1945) 


Previous studies have indicated that the acid-soluble adenine nucleotides 
of liver represent a mixture of compounds of varying degree of phosphoryla- 
tion (1). Large differences in the concentration of easily hydrolyzable P 
between fed and fasting rats in the face of constant concentrations of purine 
N and stable mercury-precipitable P indicated that the degree of phos- 
phorylation of the mixture of nucleotides varied with the nutritional status 
of the animals (2). 

The present communication deals with an attempt to define more clearly 
the composition of the nucleotide mixture and its changes during fasting by 
a system of analyses that permitted an estimate of the individual nucleo- 
tides. For this purpose the trichloroacetic acid extract of liver was pre- 
cipitated with mercuric acetate. On this precipitate, which contains all 
the nucleotides and some non-nucleotide P compounds as well, analyses 
were performed for easily hydrolyzable and total P, for nucleotide P by 
means of the specific nucleotidase of rattlesnake venom (3), and for adeno- 
sine triphosphate by the use of the adenosinetriphosphatase of myosin (1). 
The values for adenosine diphosphate and adenylic acid were calculated 
from these data. Determinations of the purine nitrogen and of pentose, 
which furnished independent estimates of the nucleotide content, were 
performed on the mercury precipitate. The inorganic and easily hydro- 
lyzable P were determined in the trichloroacetic extract for purposes of 
comparison with earlier experiments. 


Material and Methods 


Male rats weighing 220 + 45 gm. from the stock of Sprague-Dawley, 
Inc., were used. Rats designated as fed had free access to food at all 
times, while the food was withdrawn for either a 24 or a 48 hour period 
from the fasted animals. The analytical results for all fasted animals were 
combined, since they were not significantly different. The preparation 
of the trichloroacetic acid extracts from liver has been described elsewhere 
(4). The determination of the inorganic, the easily hydrolyzable, and the 
total P in the trichloroacetic acid extract has also been described previ- 
ously (2). 
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Preparation and Analysis of Mercury Precipitate—A 50 cc. sample of 
trichloroacetic acid extract was transferred to a 65 cc. centrifuge tube, 
neutralized with 5 N and N NaOH, and 3 cc. of mercuric acetate reagent 
(20 per cent mercuric acetate in 2 per cent acetic acid) were added. After 
standing for 1 hour in the refrigerator the material was centrifuged, the 
supernatant fluid was discarded, and the precipitate was washed once by 
suspension in 5 cc. of water and recentrifugation. The precipitate was 
suspended once more in 4 cc. of water, and the mercury was precipitated 
with a current of H.S gas. The mercuric sulfide precipitate was removed by 
centrifugation, washed once with a small volume of water, and the com- 
bined supernatant fluids, after aeration to eliminate the H.S, were made 
to a definite volume. All the steps were carried out in a cold room or in an 
ice bath. 

Determinations of the distribution of P, the content of purine N, and 
of pentose were performed on the solution of the mercury precipitate as 
follows. 

Distribution of P in Mercury Precipitate—The subsequent fractions were 
determined: inorganic P, easily hydrolyzable P, total P,P liberated by action 
of myosin, and that by combined action of rattlesnake venom and 15 min- 
utes hydrolysis in N acid at 100°. Based on these data the following P 
fractions were defined. 


(1). Total organic P = total P minus inorganic P 

(2) “ nueleotide P = inorganic P after incubation with rattlesnake venom and 
acid hydrolysis (minus inorganic P before incubation and hydrolysis) 

(3) Non-nucleotide P = total organic P minus total nucleotide P 

(4) Stable nucleotide P = total nucleotide P minus easily hydrolyzable P 

(5) Adenosine triphosphate = (inorganic P after action of myosin) X 3 

(6) Pe diphosphate = 2 X (easily hydrolyzable P — 2 X inorganic P after 


myosin) 
(7) Adenylic acid = total nucleotide P minus adenosine tri- and diphosphate 


The preceding equations are based on these considerations: Rattlesnake 
venom according to Hitchings (3) attacks specifically nucleotides, splitting 
adenylic acid and adenosine diphosphate completely, and adenosine tri- 
phosphate with the liberation of 1 mole of orthophosphate and 1 mole 
of pyrophosphate. After incubation of the material with venom and 
subsequent hydrolysis for 15 minutes in N acid at 100°, the entire phos- 
phorus of the nucleotides is obtained in inorganic form. The difference 
between the total organic P and the nucleotide value, constituting the 
non-nucleotide P in the mercury precipitate, is in part accounted for by 4 
nitrogen-free unidentified phosphorus compound. The easily hydrolyzable 
P represents two-thirds of the adenosine triphosphate and one-half of 
diphosphate, while only a negligible amount of adenylic acid is decomposed 
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under these conditions. Myosin as a specific adenosinetriphosphatase 
splits one of the two easily hydrolyzable phosphate groups of the adenosine 
triphosphate, converting it to adenosine diphosphate. From these data 
the equations listed above can easily be derived. The fraction most inac- 
eurately determined is adenylie acid, whose value is calculated as a differ- 
ence from three different determinations; namely, venom action, myosin 
incubation, and acid hydrolysis. All values were corrected for the amounts 
of inorganic P in the precipitate, which averaged 4 mg. per 100 gm. of liver 
in fed, and 8 mg. per 100 gm. in fasted rats. 

The determination of the purine nitrogen in the nucleotides was carried 
out according to the procedure of Kerr and Blish (5) and Kerr (6) modified 
as follows. After acid hydrolysis and precipitation of the nucleotides with 
copper hydroxide, 1 ce. of 5 per cent sodium citrate was added to the pre- 
cipitate and the mixtures were heated for 15 minutes in a boiling water 
bath. Then 1 ec. of N HoSO, was added and the precipitation with sodium 
bisulfite was carried out as in the original method. This modification was 
necessitated by the presence of large amounts of glutathione in liver. The 
average yield of purine N by this procedure was 94 per cent, and all data 
were corrected accordingly. 

The determination of pentose in the mercury precipitate was carried out 
by the method of Mejbaum (7), modified by the use of 2 cc. of 0.05 per cent 
solution of FeCl; in concentrated HC] instead of 1 ec. of 0.1 per cent solu- 
tion, and by extending the heating time to 30 minutes. The samples were 
diluted to 7 cc. with water and read in the Evelyn colorimeter with a 6 
ec. aperture and Filter 660. The purity of the color was always checked by 
readings with Filter 520. A reference curve was prepared with myo- 
adenylic acid as a standard, which yields about 20 per cent more color 
than arabinose. Even small amounts of glycogen interfere seriously with 
thismethod. Therefore, glycogen was removed by the addition of an equal 
volume of alcohol before the determination was carried out. 


Results 


In Table I are summarized the results of the analyses on the mercury pre- 
cipitate and the trichloroacetic acid extract of the livers of fed and fasted 
rats. In the first two rows of Table I are recorded the mean values of the 
various fractions, in the third row the mean differences between the two 
groups of animals, and in the fourth row the estimates of the statistical 
significance of the differences, expressed in terms of p values, which indicate 
the percentage likelihood that such differences might arise by chance alone. 

The analyses on the trichloroacetic acid extract demonstrate lower values 
of the inorganic and higher ones of the easily hydrolyzable P in fed rats than 
in fasted rats. A comparison of these data with those previously published 
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on two other series of experiments (2, 8) shows similar values for the in- 
organic P’ of both fed and fasted rats in the last two series, while the values 
for the easily hydrolyzable P are higher in the present than in either of the 
two preceding series. The statistical analysis of the data, indicating stable 
mean values within each of the series, suggests that individual variability 
is not the cause of the differences among the three series. Other factors 
affecting groups rather than individuals, such as preceding diet, age, season, 
and strain differences, may be assumed to be responsible for the discrep- 
ancies noted. 

The easily hydrolyzable P in the mercury precipitate accounted for 91 
to 96 per cent of the amount found in the trichloroacetic acid extract. 
The fact that these values did not differ from each other significantly would 


TaBLe II 
Molar Distribution of | N' ucleotides* in Liver of Fed and Fasting Rats 
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, ‘The v alues were calculated on the assumption that adenine was the only nucleo- 
tide present. Disregard of the small amount of guanylic acid occurring in liver 
introduces a small error into the calculations. 

t Ratio of total nucleotide P to stable nucleotide P, expressing the degree of labile 


phosphorylation. 


indicate that the easily hydrolyzable P of liver is entirely derived from 
nucleotides. 

Values for the total organic and the non-nucleotide phosphates in the 
mercury precipitate were alike in fed and in fasted rats. The total nucleo- 
tide fraction was unchanged as the result of opposite shifts in the easily 
hydrolyzable and in the stable nucleotide phosphorus, the former of which 
was higher, and the latter lower, in the fed rats. The shifts in the two 
fractions reflected a changed mixture of nucleotides. In the fed rats 
adenosine triphosphate was considerably higher, adenosine diphosphate 
somewhat lower, and the adenylic acid greatly lower than in the fasted 
rats. The levels of purine nitrogen and of pentose were significantly lower 
in the fed rats, in agreement with the results on the stable nucleotide P. 

In Table II is presented the distribution of nucleotides, calculated as 

















434 DISTRIBUTION OF LIVER NUCLEOTIDES 
>. 


adenine compounds, in terms of molar concentration in mm per kilo of 
tissue. In the first three columns are recorded estimates of the molar 
concentration of the total nucleotides calculated from three independent 
measurements: (1) from the stable nucleotide phosphorus, (2) from the 
purine nitrogen, and (3) from the pentose value. The estimate based on 
the stable phosphorus does not differ significantly from the value calculated 
from the purine nitrogen, but the nucleotide concentration calculated from 
the pentose is much higher than either of the other two estimates. This 
difference may in part be due to the presence in the mercury precipitate of 
free ribose phosphate, a substance occurring in liver. Nucleotides of 
complex structure which contain non-purine ring systems such as alloxazine 
and thiamine, and therefore 2 moles of pentose per mole of purine, may also 
contribute to the discrepancy. According to all three estimates the con- 
centration of total nucleotide is significantly lower in fed than in fasted 
rats. 

In the next three columns are shown the amounts of the individual 
nucleotides in mm per kilo of liver, and in the following three their percent- 
age distribution. Adenosine triphosphate accounts for about one-third 
of the total in fed rats and for about one-tenth in fasted rats, while the 
reverse is true for adenylic acid. In the last column is listed the phos- 
phorylation index, a measure indicating the degree of labile phosphorylation 
of the nucleotide mixture in liver. It is expressed as the ratio of the total 
to the stable nucleotide phosphorus and indicates the phosphorus present 
in excess of that required for adenylic acid. In fed rats the phosphorylation 
index lies above the value required for adenosine diphosphate, while it is 


below this figure in fasted rats. 
DISCUSSION 

It appears worth while to consider not only the changes in the concentra- 
tion, but also those in the absolute amount of the nucleotides in liver. 
The livers of fed rats are on the average about 60 per cent heavier than those 
of fasted rats, and contain therefore considerably greater absolute amounts 
of acid-soluble nucleotide. The rapidity of the changes in the size of the 
liver in the face of small variations in the total concentration of nucleotides 
would appear to indicate that this organ is capable of breakdown and 
synthesis of these compounds with great ease. 

The higher level of phosphorylation in the fed rats represents a greater 
abundance of energy-rich bonds, probably related to the needs of the 
metabolism of carbohydrates in the liver. Whether the variations in the 
distribution of nucleotides express only changes in the energy level, or 
whether the concentration of the individual nucleotides in itself serves 
special metabolic needs, is a subject for speculation. 
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SUMMARY 


The distribution of acid-soluble nucleotides in the liver of rats was studied 
by means of a system of analyses that permitted the estimation of indi- 
vidual nucleotides. It was found that in fed rats adenosine triphosphate 
accounted for one-third, and adenylic acid for one-tenth of the nucleotides, 
while the reverse ratio held in fasted rats. Adenosine diphosphate ac- 
counted for about 60 per cent of the nucleotide in both groups of rats. 
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It has been previously reported from this laboratory that adenosine 
polyphosphates or compounds capable of phosphorylating adenylic acid 
are required to activate the oxidation of saturated fatty acids in crude rat 
liver homogenates (1). Also, Leloir and Mufioz have shown that a guinea 
pig liver fraction, when suitably supplemented with adenylic acid, cyto- 
chrome c, inorganic phosphate, and magnesium ions, has the power of 
oxidizing butyrate, but only in the presence of some other oxidizable sub- 
strate such as the 4-carbon dicarboxylic acids, glutamic acid, ete. (2). 
To explain the results of Leloir and Mufioz the author suggested that 
adenosine triphosphate (ATP) is an immediately necessary cofactor for 
the oxidation and that the function of the second oxidizable substrate 
and adenylic acid in the system of Leloir and Mufioz is to provide ATP 
by oxidative phosphorylation (1). In this paper the activation of fatty 
acid oxidation in easily prepared rat liver enzyme suspensions will be 
described. These preparations have little or no endogenous oxidative 
activity and are therefore much better adapted for the study of the activa- 
tion than crude homogenates or the preparations of Leloir and Mufioz, 
which in our hands did not yield satisfactory oxidation of the higher fatty 
acids. It will be seen that these preparations oxidize octanoate in the 
presence of adenylic acid but only with the simultaneous oxidation of 
certain ‘‘cooxidants,”’ confirming the data of Leloir and Mufioz. How- 
ever, octanoate oxidation is completely independent of such a coupled 
cooxidation if ATP is supplied to the enzyme system. Previous data of 
the author and of Leloir and Mufioz are therefore brought into essential 
agreement. 

The data reported here were necessary for a more detailed examination 
of the nature of the phosphorylative and oxidative reactions occurring 
in fatty acid oxidation, in particular the author’s working hypothesis 
that a phosphorylation of the fatty acid is primary to oxidation (1). 

In this paper the term cooxidant will be used to refer to the second 
substrate (such as fumarate, a-ketoglutarate, etc.) which must be oxidized 
in the presence of adenylic acid to initiate or support the oxidation of the 
true substrate; namely, the fatty acid. 


*Present address, Department of Surgery, University of Chicago, Chicago. 
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EXPERIMENTAL 

Preparative—The rat liver enzyme suspensions were prepared as follows, 
Rat liver was removed immediately after sacrifice of the animal, chilled, 
cut into small pieces with scissors, and homogenized (3) in 2 parts of 
cold buffer (0.0128 m sodium phosphate, pH 7.7, 0.123 m NaCl, 0.005 
m KCl, 0.0012 m MgSO,).'. The homogenate was filtered through cheese- 
cloth. 10 ml. of the homogenate were then centrifuged 5 minutes in a 
refrigerated angle head clinical centrifuge, the supernatant was discarded, 
and the cold buffer was added to the residue to make a total volume of 
12ml_ The liver pulp was resuspended in the stoppered tube by vigorous 
shaking and centrifuged again for 5 minutes. The supernatant was again 
discarded and the resuspension in fresh buffer and centrifugation were 
repeated twice more. The residue after the fourth or last centrifugation 
was resuspended in fresh buffer to make a volume of 7 to8 ml. The whole 
operation was carried out in a 15 ml. conical centrifuge tube. The sus- 
pension was used immediately (see ‘Requirement of DPN’’). 

ATP, cytochrome c, diphosphopyridine nucleotide, and phosphopyruvie 
acid were prepared as previously mentioned (1). Adenosine diphosphate 
(ADP) was prepared enzymatically, with the hexokinase reaction of Colo- 
wick and Kalekar (4). Muscle adenylic acid was prepared from ATP, 
according to Kerr (5). aKetoglutaric acid and oxalacetic acid were 
gifts of Dr. Philip P. Cohen of this department; they gave correct melting 
points. The fatty acids and other substrates as well as some of the in- 
hibitors used were Eastman products and were in most cases subjected 
to further purification. They were presented to the enzyme as neutral 
sodium salts. Succinyl phosphate was prepared according to Lipmann 
and Tuttle (6). 

Analytical—Acetoacetic acid was usually determined according to 
Greenberg and Lester (7); occasionally these values were checked mano- 
metrically with aniline citrate (8). Pentose was estimated according to 
Mejbaum (9), a-ketoglutarate according to Friedemann and Haugen 
(10), and succinic acid enzymatically by the methods of Krebs (11). Oxy- 
gen uptake was determined manometrically in standard conical Warburg 
vessels of 15 ml. volume. The temperature was 25° and the thermal 
equilibration period 5 minutes; substrates were then tipped into the main 
compartment at zero time. Alkali and filter paper rolls were in the center 
well; the gas phase was air in all experiments. Wherever amounts of 
substrates are specified in terms of ¢.mm., it is assumed that 1 micromole 
is equivalent to 22.4 ¢.mm. at s.7.P. 

'The composition of the medium is important in obtaining active preparations. 
For instance, the use of water instead of the buffer described yields totally inactive 


preparations. 
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Activation of Octanoate Oxidation by Simultaneous Oxidation of Other 
Metabolites—The enzyme suspension described is capable of oxidizing 
the different intermediates of the citric acid cycle in the presence of ade- 
nylic acid, magnesium ions, inorganic phosphate, and cytochrome c. This 
fact provided an opportunity for examining the activation of octanoate 
oxidation by the simultaneous oxidation of other metabolites, as described 
by Leloir and Mufioz (2). The data in Table I show that the oxidation 
of succinate, malate, oxalacetate, citrate, or pyruvate allowed and was 
necessary for the oxidation of octanoate when the suspension was supple- 


TABLE | 
Activation of Octanoate Oxidation by Oxidation of Cooxidants 
The main compartment of the Warburg vessel contained 0.30 ml. of enzyme sus- 
pension, 0.10 ml. of adenylic acid (0.001 m),* 0.10 ml. of magnesium sulfate (0.005 ), 
0.10 mi. of phosphate buffer (0.0025 m), 0.10 ml. of cytochrome ¢ (1 X 10-° m). The 
side arm contained 0.20 ml. of H,O or octanoate (0.007 m) and either 0.10 ml. of H,O 
or cooxidant (0.002 m). Time, 30 minutes. 





Cooxidant Octanoate Os uptake Agstansaate 
| i 





c.mm. €. 
—3 
0 
22 
63 
36 } 
79 
27 
81 
21 
74 
37 
58 





ee . 3 Save pop MP gthen, OPO 


““ | 


EM ite win | 


ae 


IN ESTs , ck Rd dew tes po See 


ES... A. ha hicacnle-etew Gtwietonbues 


ae 





Ee ee) eee 


“ = 


+i +i +i +i ti +i 


SI as 6 ion alone» a oor 


ae 


- 
| 
| 
| 
| 
| 
| 
| 





* The figures in parentheses refer to the concentration of the component in the 
complete reaction medium. 


mented with the cofactors listed above. The extra oxygen uptake in the 
presence of octanoate reflected actual oxidation of the fatty acids, since 
there was a high yield of acetoacetic acid. The conclusion may not be 
drawn, however, that this activation of octanoate oxidation necessarily 
results from any and every one-step oxidation in the citric acid cycle (such 
as succinate + 40. — fumarate + H,O, or malate + 30. — oxalacetate 
+ H,O), since the enzyme suspension is capable of the nearly complete 
oxidation of succinic acid to CO, and H.O. The data therefore do not 
establish which oxidative reaction is capable of activating fatty acid oxi- 
dation, but they confirm the data of Leloir and Mufioz. 
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Coupling of Octanoate Oxidation with Reaction, a-Ketoglutarate + 40, 4 
Succinate + CO; + H:O—Although sodium malonate inhibits fatty aeid 
oxidation somewhat in the preparations described, it was found possible 
to choose a concentration of malonate which completely blocked succinate 
oxidation but still allowed considerable octanoate oxidation. In the pres- 
ence of 0.01 Mm malonate the oxidation of 0.002 mM succinate was inhibited 
completely. When octanoate was present in such a system, it was not 
oxidized. When 0.002 m a-ketoglutarate was substituted for the succinate 
it was oxidized completely to succinate, as shown by oxygen uptake data 
and analytical data on both a-ketoglutarate and succinate (Table II: 
Fig. 1). However, in the latter situation the oxidation of a-ketoglutarate 
allowed octanoate oxidation. Therefore octanoate oxidation can be 
coupled to a single, well defined cooxidation. The data of Leloir and 


Tasce Il 
Balance Sheet for Activation of Octanoate Oxidation by a-Ketoglutarale Oxidation 
The experimental details are exactly as in Fig. 1; all volumes are tripled to allow 


analytical studies. Time, 40 minutes. 


a-Keto 


yen a pact uptake | “disap. cam ey 
peared 

comm comm c.mm mm 
l None a-Ketoglutarate (259 ¢e.mm 133 248 260 32 
2 Octanoate = 259 be 138 232 278 240 
3 None Succinate (269 ¢.mm.) 10 S 
t Octanoate ” —_— CG 3 9 
5 None None 17 16 
6 Octanoate de 12 24 


Mufioz focused attention on the oxidation of the 4-carbon dicarboxylic 
acids as being active in the initiation of fatty acid oxidation; the data 
reported here show that other oxidative reactions may function in this 
activation. 

Another point of importance is that when the e-ketoglutarate was com- 
pletely oxidized, there was no further oxidation of octanoate. It would 
appear from this fact that the rate-limiting reaction during octanoate 
oxidation is probably the activating reaction, which depends on the ac- 
tivating oxidation. Otherwise one might expect a continued extra Os 
uptake (due to oxidation of octanoate intermediates) after a-ketoglutarate 
oxidation is complete. In experiments comparable to those described, 
the introduction of more a-ketoglutarate from a second side arm when 
the plateau was reached resulted in reestablishment of octanoate oxidation. 

The oxidation of octanoate in the presence of 0.01 mM malonate also 
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pears to rule out a possible function of the 4-carbon dicarboxylic acids 
necessary hydrogen-transport factors in fatty acid oxidation. 

Activation of Octanoate Oxidation by ATP—Earlier work showed that 
ATP was required for octanoate oxidation in liver homogenates (1). The 
suggestion made in that paper that the oxidation of cooxidants was neces- 
sary for the formation of ATP by oxidative phosphorylation of adenylic 
acid was supported by the fact that a-ketoglutarate oxidation is capable 
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Fic. 1. The coupling of octanoate oxidation with a-ketoglutarate oxidation. 
The main compartment contained 0.60 ml. of enzyme, 0.20 ml. of adenylic acid (0.001 
mu), 0.20 ml. of MgSO, (0.005 m), 0.20 ml. of phosphate buffer (0.0025 m), 0.20 ml. of 
cytochrome c (1 X 107° m), 0.20 ml. of sodium malonate (0.01 m). The side arm 
contained 0.20 ml. of a-ketoglutarate (0.002 m) and 0.40 ml. of H.,O or octanoate 
(0.007 wm). Curve A shows the oxidation of a-ketoglutarate alone proceeding to the 
calculated 44.8 c.mm. of O. uptake for the amount added and Curve B shows the 
oxygen uptake for the two substrates together. 


of activating fatty acid oxidation, since Ochoa has shown that the reaction, 
a-ketoglutarate + 40. — succinate + CO, + H,0O, is capable of vigorous 
esterification of inorganic phosphate (12). A direct trial of ATP, sub- 
stituted for adenylic acid + o-ketoglutarate, was then made, all other 
factors remaining constant. Surprisingly, there was no activation of 
octanoate oxidation (see Table III), even in the presence of 0.003 m ATP, 
a concentration higher than that necessary for maximal activation in the 
liver homogenate previously described (1). This finding was at direct 
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variance with the known activation of octanoate oxidation by ATP in 
the crude homogenate. 

On careful study of the reaction conditions and the concentrations of 
the different components, it was found that the concentration of octanoate 
was critical in limiting activation by ATP. Octanoate was present usually 
in a concentration of 0.007 m; ATP was not capable of activating oxidation 
in these preparations at this concentration of octanoate. However, when 
octanoate was present at 0.001 M concentration, ATP activated its oxidg- 
tion. The data in Table IV show the essential facts. a-Ketoglutarate 
oxidation is capable of activating the oxidation of octanoate at any con- 
centration tested, although not maximal at 0.01 mM octanoate. On the 


TABLE III 


Failure of Adenosine Triphosphate to Substitute for a-Ketoglutarate Plus Adenylic 
Acid in Oxidation of 0.007 m Octanoate 
The main compartment contained 0.30 ml. of enzyme, 0.10 ml. of adenylic acid 
(0.001 m) or ATP, 0.10 ml. of MgSO, (0.005 m), 0.10 ml. of cytochrome ec (1 X 10% 
mM), 0.10 ml. of sodium malonate (0.01 m), 0.10 ml. of phosphate buffer. The side arm 
contained 0.10 ml. of a-ketoglutarate (0.002 m) or H.O, and 0.20 ml. of octanoate 
(0.007 m) or H,O. Time, 30 minutes. 
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other hand, ATP is only able to activate maximally at octanoate concen- 
trations of 0.001 m. It would appear at first glance that two mechanisms 
for the activation exist. However, the peculiar efiect of fatty acid salts 
and other surface active compounds in inhibiting enzymes has already 
been pointed out (1). Recently, Boyer has demonstrated some peculiar 
effects of octanoate in protecting serum albumin against denaturation 
(13). In view of this surface activity of octanoate toward proteins, it 
would not necessarily appear justified at present to assume two different 
activating mechanisms, since it is possible that the ATP formed during 
a-ketoglutarate oxidation is generated on or near the activating enzyme 
surface, and therefore not necessarily liable to the inhibition by octanoate. 
Fairbairn has recently shown that the concentration of free fatty acids 
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in normal tissues is extremely small, probably lower than 0.001 m (14): 
It is also known (15) that the concentration of adenosine polyphosphates 
in normal rat liver is relatively great, approximately 0.002 M. 

The rate of octanoate oxidation depends on the concentration of ATP. 
In the presence of 0.001 m ATP the oxidation falls off rapidly and stops 
in 10 to 15 minutes. If more ATP is added from a second side arm, the 
oxidation is reestablished. Usually 0.002 m ATP keeps the reaction going 
for 20 to 30 minutes. 

Malonate was included in all experiments because it inhibited effectively 


the endogenous oxygen uptake of the enzyme. . 


TasBLe IV 
Effect of Octanoate Concentration on Activation by Adenosine Triphosphate 
The details are exactly as given in Table III. Time, 25 minutes. ATP con- 


eentration, 0.0024 m. 


Octanoate Acetoace- 
Activator system Octanoate con- O: uptake | _ tate 

centration formation 
M mm comm 
a-Ketoglutarate + adenylie acid _ 20 6 
4 + 0.01 69 37 
\TP mi 2 9 
4 - 0.01 —6 2 
a-Ketoglutarate + adenylic acid — 20 6 
+ + 0.005 O4 47 
\TP 2 2 
0.005 12 7 
x-Ketoglut irate - adenylic icid _ 20 6 
- + 0.001 So 52 
{TP — » 9» 
bs A 0.001 69 46 


Specific Activation by ATP—TIn crude liver homogenates both ATP 
and ADP activated octanoate oxidation equally well (1). When the ade- 
nine nucleotides were tested (Table V) for their ability to activate octa- 
noate oxidation in the enzyme suspension used here (the octanoate 
concentration being 0.001 m), only ATP was found to be active. The 
sight activation by ADP was possibly due to traces of ATP in the ADP. 
Both ADP and adenyliec acid were active when a-ketoglutarate was added 
as the cooxidant. Phosphopyruvie acid, sodium pyrophosphate, di- 
phosphopyridine nucleotide, and thiamine pyrophosphate were unable 
to activate the oxidation. ATP is therefore a specific activator for the 
oxidation. 

Adenylic Acid Requirement during Activation by Oxidation of Cooxidants— 
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When the requirement of the different components for oxidation of oetg- 
noate (activated by a-ketoglutarate oxidation in the presence of malonate) 
was studied (Table VI), it was found that adenylic acid could be omitted 
from the system without completely impairing the rate of octanoate oxida- 
tion. This was unexpected, since all experimental data presented pre. 
viously on the activation have emphasized the necessity for the presence 
of the adenine nucleotides. Furthermore, Ochoa has shown that adenine 
nucleotide is required for the oxidation of a-ketoglutarate (12). The 


TABLE V 

Specificity of Adenosine Triphosphate for Activation 
The main compartment contained 0.30 ml. of enzyme, 0.10 ml. of cytochrome ¢ 
(1 X 107-5 uw), 0.10 ml. of malonate (0.01 m), 0.10 ml. of MgSO, (0.005 m), 0.10 ml. of 
buffer (0.0025 m), 0.10 ml. of adenine nucleotides or other phosphate esters (0.0025 m), 
The side arm contained 0.10 ml. of H,O or a-ketoglutarate (0.002 m), and 0.20 ml, of 
octanoate (0.001 m) or H.O. Time, 25 minutes. 








Activator Octanoate Oz uptake F Acetoacetic 

acid formation 
c.mm c.mm 
ATP ' = 2 2 
+ 58 36 
Adenosine diphosphate _ 2 2 
+ 1] 7 
Adenylie acid - 2 2 
+ —2 3 
ADP + a-ketoglutarate —- 16 7 
+ 72 42 
Adenylic acid + a-ketoglutarate ~ 16 10 
- 76 44 
Phosphopyruviec acid - 6 4 
a —2 3 
Thiamine pyrophosphate — 4 4 
+ 5 4 
Sodium - 2 4 
+ 0 2 


absence of adenine nucleotide reduced the rate of a-ketoglutarate oxida- 
tion greatly, as expected, but the reduction of octanoate oxidation was 
not proportional. This was true in many experiments. To determine 
whether this effect was true for other cooxidants as well, the activation of 
octanoate oxidation by a series of other cooxidants was measured witl 

without added adenylic acid (Table VII). It was found that a-ketu- 
glutarate was the only cooxidant which activated octanoate oxidation 
without added adenylic acid. Oxalacetate gave a slight activation in some 
exneriments. It is possible that the requirement of adenine nucleotide 
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for a-ketoglutarate oxidation is smaller than for other oxidative reactions 
requiring adenylie acid, and that this requirement is met by adenine nu- 
cleotide already present in the enzyme suspension. Trichloroacetice acid 
filtrates of the enzyme (without added adenine nucleotide) showed the 
presence of considerable pentose which, if calculated on the basis that all 
of it was adenylic acid pentose, would represent about 3 X 10-‘ m adenylic 
acid in the unsupplemented enzyme mixture. This pentose was for the 
most part tenaciously retained even after thorough dialysis. 

It has been shown already that a-ketoglutarate oxidation is capable 
of activating octanoate oxidation under circumstances in which ATP 
is not capable of activation (7.e. with high octanoate concentration). The 
finding that a-ketoglutarate oxidation is capable of activation without 


TaABLe VI 
Components of a-Ketoglutarate Coupled System 
The experimental details are exactly as given in Fig. 1. H,O is substituted for 
the component removed. Time, 40 minutes. 


Acetoacetic acid 


Octanoate Os uptake ‘omenitinn 
c.mm, c.mm. 
Complete system —- 45 5 
; . + 146 80 
No a-ketoglutarate _ —3 0 
- is + —4 +2 
No Mg ** _ 23 5 
— + 60 18 
No cytochrome c —_ 39 7 
+ 131 71 
No adenylic acid - 18 4 
Bs "" + 90 32 


added adenine nucleotide would appear to be supporting evidence that 
octanoate oxidation can be activated by two different mechanisms, one 
by ATP and the other through the oxidation of a-ketoglutarate, but not 
necessarily involving the intermediate formation of ATP by oxidative 
phosphorylation. It has been presumed that a phosphorylated inter- 
mediate of a-ketoglutarate arises during a-ketoglutarate oxidation by 
nntake of inorganic phosphate (to account for the esterification of inorganic 
“phate during this oxidation) (12). By analogy with pyruvate oxida- 
tion in certain bacteria, in which acetyl phosphate has been established 
as an intermediate by Lipmann (16), Ochoa has brought up the possibility 
that succinyl monophosphate may be the phosphorylated intermediate 
formed during a-ketoglutarate oxidation (12). To test the question 
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whether succinyl monophosphate is the phosphorylated intermediate 
arising during a-ketoglutarate oxidation which is capable of activating 
fatty acid oxidation, synthetic succinyl phosphate, a mixture of the mono- 
and diphosphates (6), was substituted for a-ketoglutarate in the co- 
oxidation experiments described above. This obviously impure material 
was not capable of substituting for a-ketoglutarate oxidation, with or 
without added adenylic acid. 

The possibility must be left open that.some phosphorylated intermediate 
arises during a-ketoglutarate oxidation which may be capable of phos- 
phorylating or activating the fatty acid and which does not necessarily 
act through the adenylic acid system. 


Tas_e VII 
Activation of Octanoate Oxidation by Oxidation of Cooxidants in Presence and Absence 
of Adenylic Acid 
The conditions are exactly as given in Fig.1. The cooxidants are present in the 
final concentration of 0.002m. Time, 28 minutes. 


Oz uptake 

Cooxidant Octanoate come ns 

ith 200 | No aden a 
cmm c.mm 
a-Ketoglutarate — +4 19 
ee af. 160 90 
Fumarate — 37 10 
“ sd 120 14 
Oxalacetate - 21 4 
- + 140 13 
Succinate _ 42 19 
- li! 19 
Citrate - 20 10 
= + 71 2 


Oxidation of Normal Saturated Fatty Acids of Varying Chain Length— 
It was previously shown that rat liver homogenates can oxidize all the 
normal saturated fatty acids having from 2 to 18 carbon atoms (1). The 
washed enzyme suspension described here was capable of oxidizing fatty 
acids having more than 4 carbon atoms in the presence of ATP. Acetate 
was not attacked. The rate of oxidation increased with an increase in 
the length of the carbon chain. Representative data are shown in Table 
VIII. 

Sensitivity to Sulfhydryl Reagents—The oxidation of octanoate (activa- 
tion by ATP) is sensitive to certain sulfhydryl reagents. The following 
reagents, known to inhibit more or less selectively many enzymes requiring 
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a free sulfhydryl group for activity, inhibited the oxidation: 0.001 m 
jodoacetate, 10 per cent; 0.001 m iodoacetamide, 40 per cent; 5 X 10-* m 
p-chloromercurobenzoate, 50 per cent; 5 X 10~ m potassium ferricyanide, 
100 per cent; 5 X 10~* m o-iodosobenzoic acid, 100 per cent; 1 X 10~ 
miodine, 95 percent. It therefore appears that one or more of the enzymes 


Tasie VIII 
Oxidation of Different Fatty Acids 
The main compartment contained 0.60 ml. of enzyme, 0.20 ml. of cytochrome c 
(2x 10-'m), 0.20 ml. of MgSO, (0.005 m), 0.20 ml. of malonate (0.01 m), 0.20 ml. of 
buffer, 0.20 ml. of adenosine triphosphate (0.0025 m). The side arm contained 0.40 
ml. of fatty acid (0.001 m) or H.O. Time, 20 minutes. 


aE im | 








! 


Acetoacetic acid 





Oxidation No. Substrate O:suptake formation 
c.mm. | c.mm. 
] None 2 6 
2 Acetate 3 Ss 
3 Butyrate 17 17 
4 Octanoate 78 56 
5 Palmitate 112 68 





| 
| 


TaBLeE IX 
Fatty Acid Esters As Substrates 
Exactly as givenin Table VIII. The esters were finely dispersed in water in such 
concentration as to yield 0.001 m potential fatty acid concentration. Tween 40, 2.5 
per cent aqueous solution. Time, 2] minutes. 











Substrate Os uptake | Acetoacetate formation 

c.mm. | c.mm 
None 0 2 
Sodium octanoate...... Mie teas eke 83 | 4 
Ethyl ~ me ats S 28 17 
Glycery] trioctanoate , ol 0 3 
Tween 40 a ee: 2 2 
Glyceryl trioctanoate + sodium octanoate. . . 70 38 


of the activation-oxidation complex requires free sulfhydryl groups for 
activity. 

Necessity for Free Carboxyl Group in Fatty Acid for Activation by ATP— 
To determine whether a free carboxyl group is required for ATP activation, 
three fatty acid esters were substituted for octanoate and the rates of 
oxidation determined. Ethyl] octanoate, glyceryl trioctanoate, and Tween 
40 were tested as substrates (Table IX). The latter compound is a mono- 
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palmityl ester of polyoxyalkylene sorbitol anhydride, a product of the 
Atlas Powder Company. It is water-soluble and has been successfully 
used as a lipase substrate by Gomori (17). Of these three compounds 
only ethyl octanoate was attacked, at a rate of one-third of that of sodium 
octanoate. On testing lipase and esterase activities of the enzyme suspen- 
sion, it was found that only ethyl octanoate was attacked, the other esters 
remaining unhydrolyzed. The positive oxidation of the ethyl ester must 
therefore be attributed to the oxidation of the octanoic acid liberated by 
the esterase. The insolubility or surface,activity of glycery! trioctanoate 
did not appear to be a factor in its failure to be oxidized; when sodium 
octanoate was added along with glyceryl trioctanoate, its oxidation was 
inhibited only 10 or 15 per cent by the presence of the insoluble triglyceride, 


TABLE X 
Requirement of Diphosphopyridine Nucleotide in Aged Enzyme Preparations 
The details are given as in Table IX, with the addition of 0.10 ml. of HO or DPN 
(5 X 10-*m) inthe sidearm. Time,35 minutes. Octanoate (0.001 m) was substrate, 


Enzyme Octanoate DPN Os uptake 
mm. 
Fresh 3 “a 9 
*s : — on OS 
- - + ! 
“ + + 105 
Aged 3hrs. at 0° —_ a 0 
~-—- ©. ae - 4 
= a a. 4 
eo. - ¢ + + 110 


In comparable experiments n-octyl alcohol and n-octaldehyde were 
not oxidized with or without the presence of ATP. It must be concluded 
from experiments of this type that a free carboxyl group is necessary for 
the activation of fatty acid oxidation by ATP. 

Requirement of DPN—When the preparations described were aged at 
0° for 3 or 4 hours, they were no longer active with the usual supplements. 
When diphosphopyridine nucleotide was added, these preparations re- 
gained nearly all of the lost activity. Diphosphopyridine nucleotide 
(DPN) therefore appears to be involved in the oxidation mechanism. 
Dialysis for 3 hours with continuous stirring resulted in inactivation which 
was not restored by DPN with or without the simultaneous addition of 
thiamine pyrophosphate and a crude preparation of flavin adenine nucleo- 
tide (about 5 per cent pure). This inactivation was also brought about 
by aging without dialysis for more than 4 hours. It could be retarded 
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by the addition of adenylic acid to the otherwise unsupplemented enzyme. 
The protective effect of adenylic acid was very pronounced. It may be 
related to the fact that considerable bound pentose is present in the prepa- 
ration even after dialysis, and that the suspension contains a very active 
5-nucleotidase which splits inorganic phosphate from added adenylie acid. 
It is possible that some essential component of the enzyme system possesses 
a conjugated protein structure which is either readily denatured or in- 
activated by enzymatic action of phosphatases, etc. 

It is clear from the data in Table X that diphosphopyridine nucleotide 
must be added to the list of cofactors concerned in fatty acid oxidation, 
a list which is evidently not yet complete. The DPN used in these ex- 
periments was about 40 per cent pure and was free of triphosphopyridine 
nucleotide. 


DISCUSSION 


It must be concluded from this investigation that the activation of 
fatty acid oxidation by ATP and the activation by the cooxidation of 
other substrates described by Leloir and Mujioz are essentially the same 
process, ATP being the immediately necessary factor for the activation. 
Many investigators, including Leloir and Mufioz, have demonstrated that 
oxidations in the so called citric acid cycle are capable of esterifying inor- 
ganic phosphate. The mechanism of such esterification is not known, 
except in the case of glyceraldehyde phosphate oxidation (18) and in 
pyruvate oxidation in certain bacteria (16). However, it is believed that 
such oxidative esterification universally leads to the formation of 
ATP (since adenylic acid appears to be necessary in such oxidations), 
and that recovery of other phosphorylated intermediates as a result of 
such oxidations (7.e. phosphocreatine, hexose phosphates) is a reflection 
of the presence of the corresponding transphosphorylating enzymes. The 
enzyme suspensions used in this investigation did not in general show an 
accumulation of acid-labile phosphate during fumarate oxidation. The 
high phosphatase activity of the suspensions was probably responsible. 
The addition of yeast hexokinase and glucose to such a system, however, 
allowed active phosphorylation. 

The washed enzyme suspension used here represents a considerable 
concentration of the fatty acid oxidase system. The AQo, (c.mm. of 
oxygen taken up in the presence of octanoate above the oxygen uptake 
of the tissue without substrate per mg. of dry weight per hour) of these 
preparations ranges between 25 and 35. This figure for liver slices ranges 
between 4 and 10 (19). 

The data presented here have been used as a starting point for a detailed 
examination of the mechanism of activation by ATP. The author’s 
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working hypothesis, namely that ATP activates the oxidation by a pre. 
liminary phosphorylation of the fatty acid (1), will be considered in detajj 
elsewhere. 

Another problem which has been approached experimentally with this 
enzyme suspension is the nature of the 2-carbon fragments, derived from 
the long chain fatty acids by oxidation, which undergo condensation to 
form the ketone bodies (20). This work will also be reported in detail, 

It is also timely to point out that the enzyme system described here 
is very likely the same system described by Leloir and Mufioz and must 
be considered as representing the physiological oxidation of the fatty acids 
to ketone bodies (probably lacking, however, in physiological control 
mechanisms). This point is made because a number of fatty acid de- 
hydrogenases have been described (21-23) which dehydrogenate saturated 
fatty acids anaerobically in the presence of adenylic acid or certain purines, 
yielding in at least. one case (22) unsaturated acids, with the unsaturation 
near the middle of the fatty acid carbon chain. The author considers 
the latter group of enzymes to be concerned primarily with the physiological 
regulation of the degree of saturation of the tissue lipids and not necessarily 
concerned with the energy-yielding oxidation of the fatty acids to carbon 
dioxide and water through the stage of the ketone bodies. ‘The two groups 
of enzymes differ both in properties and distribution. For instance, the 
enzyme suspension used here is unable to dehydrogenate long chain fatty 
acids in the presence of adenylic acid with the Thunberg technique, but 
it is capable of this dehydrogenation if ATP is present. On the other 
hand the second class of dehydrogenases does not require ATP but requires 
either adenylic acid (21, 22) or xanthine (23) as a coenzyme. 


The author is indebted to Dr. Philip P. Cohen for gifts of compounds, 
to Mr. Horace Gerarde for his assistance in some preparative work, and 
to Mr. N. P. Spang of the Atlas Powder Company for gifts of Tween 40 
and Tween 60. 

SUMMARY 

1. A washed rat liver suspension, supplemented with adenylie acid, 
cytochrome c, magnesium ions, and inorganic phosphate, is capable of 
oxidizing saturated normal fatty acids with the production of acetoacetic 
acid, but only with the simultaneous oxidation of some other oxidizable 
metabolite. 

2. The oxidation of the fatty acid can be coupled to a specific one-step 
cooxidation, that of a-ketoglutarate to succinate. 

3. The oxidation of fatty acids is completely independent of such coupled 


oxidations if adenosine triphosphate is present. This fact leads to the 
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conclusion that the coupled oxidation of other substrates activates fatty acid 
oxidation by providing ATP during the oxidative phosphorylation of 
adenylic acid. 

4, ATP is specific for the activation; adenosine diphosphate (ADP), 
adenylic acid, and other phosphate esters are inactive. 

5. The activation-oxidation complex is sensitive to sulfhydryl reagents. 

6. A free carboxyl group is necessary for the activation; fatty acid esters 
are not attacked unless a lipase or esterase is present. 

7. Diphosphopyridine nucleotide is an essential component of the fatty 
acid oxidase system. 
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The glycolytic activity of brain tissue is rapidly lost on destruction of its 
cell structure. Geiger (1) found that when brain cells are disrupted with 
distilled water an inhibitor of glycolysis is released. By simply diluting 
a water extract of rat brain, he reduced the effect of the inhibitor and 
obtained a rate of lactic acid production from glucose by far exceeding the 
values obtained with brain slices or brain dispersions. These observations 
were confirmed by Ochoa (2). 

We attempted to obtain similar active extracts from mouse brain but 
were unsuccessful. Extracts prepared by Geiger’s method were not only 
inactive, but markedly inhibitory when added to an actively glycolyzing 
rat brain extract. It was decided to study the mechanism of this inhibition 
in the hope of finding means to eliminate the inhibitory factors and to 
obtain actively glycolyzing brain preparations. 

Evidence has been obtained that the inhibition in brain homogenates 
is caused by two components. One inhibitor affects the utilization of 
triose phosphate; the second inhibits the phosphorylation of glucose. 

Many tissues contain an enzyme which inactivates diphosphopyridine 
nucleotide (DPN). Mann and Quastel (3) have shown that the destruction 
of DPN can be prevented by the addition of nicotinic acid amide. When 
DPN and nicotinic acid amide were added to mouse brain homogenates in 
the presence of a phosphate acceptor, rapid utilization of hexose diphosphate 
took place. 

The breakdown of glucose, however, was found to be markedly affected 
by the presence of Nat. Elimination of Na+ from the added reagents 
and addition of adenosine triphosphate (ATP), DPN, and nicotinic acid 
amide resulted in a rapid production of lactic acid from glucose. 


EXPERIMENTAL 


Methods 
Swiss albino mice (CFW strain, Carworth Farms) were used. The 
animals were killed by decapitation, and the brains removed immediately. 
* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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Homogenates were made by grinding the brain thoroughly in a mortar and 
then diluting the suspension with 10 volumes of distilled water, which wags 
added in small portions. Glass-distilled water was used throughout. 

Lactic acid was determined by the method of Barker and Summersop 
(4). Glucose was estimated according to the procedure of Shaffer and 
Somogyi (5) with a protein-free filtrate prepared according to West, 
Scharles, and Peterson (6). The acid-soluble phosphate fractions were 
determined after conversion to orthophosphate by the methods developed 
by Meverhot and his school (7). ; 

Another method of following the utilization of glucose or hexose phos- 
phates is based on the decolorization of methylene blue in Thunberg tubes, 
Glucose and the hexose phosphate esters are broken down to triose phos- 
phate by the brain homogenate, which then decolorizes methylene blue 
through the triose phosphate dehydrogenase enzyme system. For rapid 
preliminary determinations of the optimal activity of the brain homogenates 
under various conditions this method was found to be very useful. For 
determinations of oxygen uptake the conventional manometric methods 
with the Warburg-Barcroft apparatus were employed. 

Materials 

DPN of 55 to 70 per cent purity was prepared from bakers’ yeast (Fleisch- 
mann) by the method of Williamson and Green (8), as modified by Ochoa.! 
The barium salt of ATP was prepared from rabbit muscle essentially accord- 
ing to the procedure of Lohmann (9). The calcium salt of phosphocreatine, 
freed from sodium by reprecipitation from alcohol, was synthesized accord- 
ing to the method of Zeile and Fawaz (10). The calcium salt of hexose 
diphosphate was a commercial product obtained from the Schwarz Labora- 
tories, Inc., New York. All reagents were converted into the potassium or 
ammonium salts and brought to a pH of 7.4 with KOH and HC! before 


use. 


Results 


Glycolysis by Extracts of Mouse Brain—It can be seen from the data in 
Table I that in mouse brain homogenates prepared with saline, about 4007 
of lactic acid are formed from glucose per 100 mg. of wet weight of brain 
per hour. When distilled water is used instead of saline, very small 
amounts of lactic acid are formed. A diluted brain extract prepared 
according to Geiger (1) from young rats actively utilizes glucose anaerobi- 
cally, while a similar extract from mouse brain is inactive. Moreover, 
such an extract of mouse brain inhibits completely an actively glycolyzing 
rat brain extract. 


1 Ochoa, S., personal communication. 
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Metabolism in Brain Homogenates—To investigate further the effect of 
distilled water on brain metabolism, activities of several brain dehydro- 
genases were examined by the Thunberg method in which saline homogenates 
were compared with distilled water preparations. It was apparent that all 
dehydrogenases which require DPN were markedly inhibited in the distilled 
water preparations, while the succinic acid dehydrogenase, which does not 
require DPN, was not significantly affected. The results of a typical 
experiment are shown in Table IT. 

An enzyme which destroys DPN (referred to here as DPNase) has been 
shown to occur in many tissues. Mann and Quastel (3) demonstrated 


TaBe [ 
Inhibition of Glycolysis by Extracts of Mouse Brain 

The brain preparation was made according to the method of Geiger with 4 volumes 

of distilled water. 0.2 ml. of extract was used in each Warburg vessel. The final 
concentrations of the solutions in a 2 ml. volume were glucose, 0.016 m; NaHCO,, 
0.016 u; MgCl., 0.0035 m; sodium phosphate-potassium phosphate buffer, pH 7.3, 
0.01 a; DPN (diphosphopyridine nucleotide), 0.0004 m; ATP (adenosine triphos- 
phate),0.001m. Incubated for 1 hour at 37°in the Warburg-Barcroft apparatus with 
nitrogen containing 5 per cent CO, as the gas phase. 


Experi- Lactic acid per 100 mg. 





ml. mouse brain extract 


ment Brain preparation Additions* | wet weight of brain 
i or Oe x hlccsindgplagnineall 
be 
1 Mouse brain, saline homogen- | Glucose, NaHCO, 400 
ate | 
2 Mouse brain water extract | = ze 100 
(Geiger) MgCl., phosphate, 
ATP, DPN 
3 Rat brain, water extract | Same as Experiment 2 | 1275 
4 Same as Experiment 3 + 0.2 ee 2 2 180 





* Glucose was tipped in from the side bulb at the beginning of the experiment. 


that this enzyme is inhibited by nicotinic acid amide which counteracts 
the destruction of DPN. The effect of adding DPN and nicotinic acid 
amide to distilled water and saline homogenates of brain is recorded in 
Table IIT. 

The results shown in Table III suggest that in brain homogenates pre- 
pared with distilled water DPN is much more rapidly inactivated than when 
saline is used. This may well be due to the cytolytic effect of distilled 
water and to the release of DPNase into solution. 

The inhibition of DPNase is a function of the concentration of nicotinic 
aid amide. While low concentrations were ineffective in preventing the 
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Taste II 
Comparison of Dehydrogenase Activities in Saline and Water Homogenates 
of Mouse Brain 

The brain preparation was made by grinding and diluting with 10 volumes of dis. 
tilled water or saline. 0.5 ml. of homogenate was used for each experiment. The 
final concentrations of the solutions in a 3 ml. volume were sodium phosphate buffer, 
pH 7.3, 0.02 m; methylene blue, 0.00013 m, tipped in from the side bulb at the begin. 
ning of the experiment. Incubated at 37° in evacuated Thunberg tubes. End. 
point, complete decolorization. 


—_— Mouse brain homogenate ee - Reduction time 
min a 
1 Saline Lactate, 0.025 6.5 
- Succinate, 0.02 8.5 
3 si Pyruvate, 0.018 7.0 
4 Glutamate, 0.01 12.0 
5 * 28.0 
6 Water Lactate, 0.025 109.0 
7 sn Succinate, 0.02 12.0 
8 os Pyruvate, 0.018 108.0 
9 ai Glutamate, 0.01 > 180.0 
10 "a > 300.0 


TaBie III 
Effect of Nicotinic Acid Amide on Dehydrogenase Activities of Brain Homogenates 
The experimental conditions were as in Table II. The Thunberg tubes were 
incubated for 10 minutes at room temperature after nicotinic acid amide (NAA) 
0.0095 m, and diphosphopyridine nucleotide (DPN ), 0.0002 mM, were added to the brain 
homogenates. Methylene blue, 0.00026 M, was tipped in from the side bulb of the 
evacuated Thunberg tubes at the beginning of the experiment. 


Exper 1 : Additions Substrate* in molar Reduction 

ment Mouse brain homogenate naeraeirentnns tiene 
- DPN | NAA 

min. 

l Saline ~ -- Lactate, 0.02 13.0 

2 + oa - 0.02 7.0 
3 o¢ + — Glucose, 0.016 10.0 

{ + ~ i 0.016 8.5 

5 Water — —_ Lactate, 0.02 108.0 
6 - + — 4 0.02 8.0 
7 = = — Glucose, 0.016 47.0 
Ss ox + + ge 0.016 8.0 
q ” + —_ Hexose diphosphate, 47.0 

0.01 
10 4 + + 7 = 4.5 


* When glucose or hexose diphosphate was used as substrate, 0.001 m adenosine 


triphosphate was added to act as the phosphate-transferring agent 
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destruction of DPN, higher concentrations were found to be inhibitory 
for the dehydrogenase systems tested. An optimal range of nicotinic 
acid amide concentration had to be established with the experimental 
conditions used, since changes in its concentration considerably alter the 
effect of phosphate buffer on reduction time, as shown in Table IV. 

When glucose was used as substrate for brain homogenates to which 
suitable amounts of ATP, DPN, and nicotinic acid amide were added, it 
was found to be utilized only half as rapidly as hexose diphosphate. This 
pointed to the phosphorylation of hexose as the pace-maker of the reactions, 


TaBLe IV 
Effect of Phosphate Concentration on Destruction of Diphosphopyridine Nucleotide in 
Presence of Nicotinic Acid Amide 
The experimental conditions were as in Table III. Substrate, sodium lactate, 
0.025 M. 














Additions 
Experiment No ‘ cutihasbiindinbauk Reduction time 
Phosphate buffer Nicotinic acid amide 

M me. | min. 

] 0.02 0.2 51.0 
0.0033 0.2 122.0 

2 0.02 0.8 11.0 
0.0033 0.8 33.0 

3 0.02 4.0 9.0 
0.0033 4.0 11.0 

4 0.02 32.0 11.0 
0.0033 32.0 14.0 

5 0.02 100.0 74.0 
0.0033 100.0 49.0 

6 0.02 116.0 


0.0033 150.0 


either because of a low concentration of the enzymes required or due to 
other factors involved in phosphate transfer. 

Effect of Sodium on Glycolysis—Potassium and sodium ions have been 
reported to influence phosphorylations (11, 12). When potassium or 
ammonium buffers were used instead of sodium salts and all solutions 
neutralized with KOH, a striking increase in glycolytic activity of brain 
homogenates occurred. 

With glucose as substrate, addition of 0.04 m NaCl produced a marked 
inhibition which was absent when hexose diphosphate was used as substrate. 
To investigate further the mechanism of the sodium inhibition a balance 
sheet was drawn up for glucose disappearance, lactic acid production, and 
the acid-soluble phosphate fractions (Table V). 
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It became apparent that not only was lactic acid production affected by 
Nat, but also hexose phosphate esters failed to appear. The values for 
the P fraction obtained by subtracting the P after 7 minutes hydrolysis jp 
N HCl from the total acid-soluble P represent chiefly the hexose phosphate 
and phosphoglyceric acid which are formed during glycolysis as well ag ] 
P atom in ATPand the phosphorus in DPN which were added to the glycolyz- 
ing system. On correction for the two latter compounds, it was found that 
no phosphate esters are formed in the presence of added Na*. Negligible 
amounts of glucose disappear. 

TaBLe V 
Effect of Sodium and Phosphocreatine on Glycolysis by Brain Homogenates 


The brain preparation was made by grinding and diluting with 10 volumes of 
distilled water. 0.3 ml. of homogenate was used per experiment. The final concen- 
trations of the solutions in a 2 ml. volume were ammonium phosphate buffer, pH 7.3, 
0.005 m; KHCOs, 0.008 mu; MgCle, 0.0035 mw; ATP (adenosine triphosphate), 0.001 u; 
DPN (diphosphopyridine nucleotide), 0.0004 mM; nicotinic acid amide, 0.012 wy; 
glucose, 0.012 m; DPN was tipped in from the side bulb at the beginning of the exper- 
iment. Incubation at 37° for 1 hour in evacuated Thunberg tubes. 











Additions Change after 1 hr 
Experiment fe ee |e F AE ee nS 

aoe —— NaCl ATP P* Ester P* Glucose Lactic acid 

M Mu micromoles micromoles micromoles micromoles 
1 0.0 +2.9 —11.3 +21.1 
2 0.0055 +1.77 +6.7 —15.3 +24.9 
3 0.04 —1.03 0.0 —0.5 +2.4 
4 0.0055 0.04 +0.5 +4.8 —12.4 +24.1 





* ATP P was determined by subtracting the direct P values from the P values 
obtained after 7 minutes hydrolysis in n HCI at 100°. No correction was made for 
partial hydrolysis of hexose diphosphate. Ester P represents the difficultly hydrolyz- 
able P esters obtained by subtracting the P values after 7 minutes hydrolysis from the 
total acid-soluble P. 


Effect of Phosphocreatine on Glycolysis by Brain Homogenates—Addition of 
phosphocreatine to brain homogenates stimulates lactic acid formation. 
This effect is partially due to the shift in pH toward the alkaline side, 
resulting from the breakdown of phosphocreatine, thus buffering the acids 
produced in the course of glycolysis. The large quantities of lactic acid 
produced quickly bring the pH below 6.0 and difficulties have been en- 
countered in finding a suitable buffer which does not inhibit glycolysis when 
used in adequate concentrations. Finally a combination of 0.005 m am- 
monium phosphate buffer and 0.008 m potassium bicarbonate was found 
suitable. Under these conditions the addition of phosphocreatine in the 
absence of added Na* has relatively little effect. However, in the presence 
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of Nat, phosphocreatine was found effective in restoring the diminished 
glycolytic activity (Table V). This may be due to the maintenance of an 
effective ATP concentration by way of the reaction ATP + creatine = 
ADP + phosphocreatine, thus compensating for the rapidly acting ATPase 
in the brain tissue. No direct evidence is available for this view, which, 
however, is suggested by the marked increase of the P fraction after 7 min- 
utes hydrolysis when phosphocreatine is present (Table V). According to 
this view the Nat effect would be localized in the phosphorylation of the 
adenylic acid system, which is required for the phosphorylation of glucose 
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Fic. 1. Effect of sodium and phosphocreatine on oxygen uptake by brain homoge- 
nates. The brain preparations and solutions were as given in Table V. Oxygen 
uptake was measured in Warburg-Barcroft manometers. Curve 1, no glucose; Curve 
2,0.024 m glucose; Curve 3, 0.024 m glucose plus 0.0055 m phosphocreatine; Curve 4, 
0.024 m glucose plus 0.08 m NaCl; Curve 5, 0.024 m glucose, 0.08 m NaCl plus 0.0055 m 
phosphocreatine. 


and the hexose monophosphates. Boyer, Lardy, and Phillips (11) reported 
a stimulating effect of potassium on phosphorylation of the adenylic acid 
system in muscle preparations and also noted an inhibitory effect of Na* in 
high concentrations. 

On the other hand, Ohlmeyer and Ochoa (12), who first described an 
inhibitory influence of Nat on the phosphate transfer from phosphopyruvic 
acid to glucose in yeast extracts, noted a much more pronounced inhibitory 
effect of Nat in the presence of DPN, than with adenylic acid. Further- 
more, in preliminary studies we have noted that Na* is without effect not 
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only on the lactic acid production from hexose diphosphate but also from 
glucose-6-phosphate and fructose-6-phosphate. This would point to g 
localization of the Na* inhibition on the phosphorylation of glucose rather 
than on the adenylic acid system, which is also required for the phosphory- 
lation of hexose monophosphates. 

The inhibitory effect of Na* was also demonstrable under aerobic condi- 
tions. Fig. 1 represents a typical experiment. Oxygen uptake of the 
homogenates in the presence of glucose by far exceeded the optimal values 
for oxygen uptake by brain slices as recorded in the literature. QO: values 
between 20 and 30 for the Ist hour were obtained. Na* (0.08 M) strongly 
inhibited and phosphocreatine partially counteracted this inhibition (Fig. 1), 

By the addition of DPN, ATP, nicotinic acid amide, and phosphocreatine 
and the exclusion of Na*, homogenates were prepared from mouse brain 
which anaerobically regularly formed 7.5 mg. of lactic acid per 100 mg. of 
wet weight of brain per hour, and aerobically gave QO, values between 
20 and 30. 

DISCUSSION 

The presence of inhibitors to proteolytic enzymes in tissues has long been 
recognized. More recently the réle of normally occurring inhibitors has 
been noted in the in vitro studies of carbohydrate and fatty acid metabolism 
(1, 13). The destruction of ATP and DPN by adenosinetriphosphatase 
(ATPase) and DPNase, which are widely distributed in animal tissues, 
interferes with many evaluations of enzyme concentrations and kinetic 
studies of impure enzyme preparations. 

The presence of normal inhibitors complicates also the evaluation of the 
many conflicting reports on tissue glycolysis which have appeared in the 
literature. The use of NaCl, KCl, or water for the preparation of the en- 
zyme solution may affect even the order of magnitude of the reaction rates. 
The choice of one or the other of these compounds can also determine the 
pace-maker in complex enzyme reactions such as those involved in glycolysis 
and thus simulate differences in the susceptibility to inhibitors. Studies 
on the specificity of inhibitors, such as glyceraldehyde, and claims of a 
pathway of glucose breakdown not involving phosphorylation by brain 
tissue must be reexamined in consideration of the presence of normal 
inhibitors. 

Our own results (see Table V) make the presence of a non-phosphoryl- 
ating pathway for glucose breakdown under our experimental conditions 
unlikely. Negligible amounts of glucose disappear in the presence of Na* 
and with the addition of phosphocreatine the disappearance of inorganic P 
is proportional to the utilization of glucose. 

Shortly before the present work was completed, Utter and Reiner (14) 
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and Klein (15) reported briefly on the réle of nicotinic acid amide on brain 
metabolism. Utter and Reiner prepared actively glycdlyzing rat brain 
homogenates by addition of hexose diphosphate, ATP, DPN, and nicotinic 
acid amide. These results have been fully confirmed by our studies on 
mouse brain. Hexose diphosphate, in common with phosphocreatine, 
counteracts the sodium inhibition. In our studies on the inhibition of the 
first steps of glycolysis it was necessary to avoid the use of hexose diphos- 
phate because of its réle as a substrate whose utilization is not inhibited by 
Nat. 

It may be pointed out that the well known effect of hexose diphosphate 
on the induction period of yeast fermentation may well be linked to a similar 
phenomenon and point to the presence of “normal” inhibitors in yeast. 


SUMMARY 


1. Two factors inhibiting glycolysis have been found in mouse brain 
homogenates. One of these is DPNase, the enzyme acting on DPN, which 
can be counteracted by addition of nicotinic acid amide, as demonstrated by 
Mann and Quastel. The second inhibitor was found to be Na*, which can 
be counteracted by phosphocreatine. 

2. The preparation of mouse brain homogenates, capable of producing 
from glucose anaerobically 7.5 mg. of lactic acid per 100 mg. of wet weight 
of brain per hour and having a QO, of 20 to 30 is reported. 


The authors wish to thank Dr. Severo Ochoa for his suggestions and help 
throughout this work. 
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THE INFLUENCE OF AGE AND DIET ON THE LIPID 
COMPOSITION OF THE RAT* 
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anp ICIE G. MACY 


(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 
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The variations in magnitude of the structural organization of proto- 
plasm when referred to successive intervals of time (or as has been said, 
when equated with time) characterize the “phenomenon of growth” in 
living organisms (1). The chemical changes occurring in the body during 
growth, or with age, which is the reference point in time for the living 
organism, are of the utmost interest to the biochemist. A goal in this 
respect, as has been stated (2), is ultimately to “detect these changes 
and define them in terms of quantitative biochemistry.” 

The extensive studies reviewed by Moulton (3) and McCay (2) amply 
attest the marked alterations in the chemical composition of the body 
during growth and aging. Certain of the changes that occur with age 
may be the result of disease, and therefore difficult to evaluate. On the 
other hand, Moulton (3) concludes that, on the fat-free basis, ‘mammals 
show a rapid decrease in relative water content and increase in protein 
(nitrogen) and ash content from earliest life until the time of chemical 
maturity is reached.” His calculations were made on a fat-free basis, 
since “the most striking change in the composition of mammals with 
increased age and development is the increase in the fat content” (3). 

Recently, however, it has become increasingly apparent that not all 
fatty materials comprising animal substances are merely stores or depots 
of surplus energy, but that certain lipids are essential components of tissues 
and integral parts of the cellular structure (4, 5). Phospholipid, choles- 
terol, and cerebrosides are included in the latter category, neutral fat 
or triglyceride in the former. Thus, fundamental changes in the composi- 
tion of animals coincident with growth and with aging may be obscured 
if the data are calculated on a fat-free basis, especially if ‘fat-free’ implies, 
as originally, freedom from all lipid substances. For, as stated by Ham- 
mett (6), “Growth is not single, it is multiple, the combined expression 
of integrated developmental and incremental factors, processes and func- 
tions’ and represents “the continued increase in living and essential 
structural substance.”’ Part I of the present study deals with the effect 


* A preliminary report of Part I of this paper was presented before the Division of 
Biological Chemistry of the American Chemical Society at the 105th meeting at 
Detroit, Michigan, April 12-16, 1943. 
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of aging on the lipid composition of the body, with special emphasis on 
the differentiation of the total lipid into (a) the storage or reserve fat and 
(b) the “essential” or structural fatty components. 

Growth is a function of two factors, heredity and environment (7), 
and, since the latter is amenable to variation, the effect of diet, one of 
the most significant environmental factors, also was studied. Part I] 
deals with the effect of high and low fat diets on the lipid composition 
of the body during the most active period of growth. The influence of 
high and low fat diets on the composition of the reserve, or depot fat, 
has been studied extensively (8, 9). However, relatively little is known 
of the possible effect of such dietary variations on the relative distribution 
in the body of the ‘“‘essential’’ lipid components. 


Part I. Influence of Age on Lipid Composition of Body 
EXPERIMENTAL 


From a colony of rats with the same heredity and dietary background 
(Rockland stock diet) new born rats and others which were 15, 45, and 
70 days old were selected. The whole body of each animal (minus the 
contents of the intestines) was ground in a food chopper, frozen, and dried 
from the frozen state under a vacuum (10). The dried material was 
extracted with hot ethanol, then with ethyl ether. The final combined 
extract represented approximately a 3:1 mixture of aleohol-ether and was 
analyzed for choline, sphingomyelin, total and free cholesterol, galactose, 
and acetone-soluble glycerol. . 

For determination of total phospholipid, a portion of the alcohol-ether 
extract was evaporated at less than 50°, under reduced pressure, in a stream 
of nitrogen. The residue was extracted with petroleum ether, and the 
petroleum ether extract was analyzed for total phosphorus.' The analyti- 
eal procedures have been published in detail elsewhere (11). From the 
analyses, total phospholipid, choline phospholipid, cephalin, lecithin, 
cholesterol esters, cerebrosides, and neutral fat were calculated (5). 


Results 


The lipid composition of the body of new born rats and animals 15, 45, 
and 70 days old is presented in Table I. The total lipid content of the 


' Total phosphorus of the alcohol-ether extract of the whole animal could not be 
used for the calculation of the total phospholipid, since, by repeated isolation of the 
phospholipid, it was shown that significant amounts of phosphorus other than phos- 
pholipid phosphorus were present in the alcohol-ether extract. This is true only 
for extracts made from the whole animal body and appears to result from the presence 
of bone. When bone was not present in the sample, we have found that the total 


phosphorus content of the aleohol-ether extract represents the phospholipid content. 
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new born rats was found to be 21.26 per cent, approximately one-fifth 
of the dry body weight. After 70 days, the total lipid had doubled in 
concentration and composed 40.72 per cent of the dry weight. However, 
this significant accumulation of fat during rapid growth does not represent 
the actual structural changes which are occurring in the tissues. The 
neutral fat, or storage lipid, fraction increased from 11.72 per cent at 
birth to 35.50 per cent of the-dry weight at 70 days of age, a 3-fold increase. 
On the other hand, the essential lipid (total lipid minus neutral fat) which 
represents the structural lipid components showed a substantial drop in 
concentration from birth (9.54 per cent) to 70 days of age (5.22 per cent). 
Although all of the lipids composing the essential lipid follow the same 
trend, it is apparent that they do not decrease proportionally. Further- 


TaBLe I 
Lipid Content of Rats at Different Ages 


The values are in per cent of dry weight. 

















New born, 15 days old, | 45 days old, 70 days old, 

28 animals 6 animals | 4 animals 2 animals 
eal Madd... oo. .scccscecoaeedd 21.26 26.68 | 38.23 40.72 
Neutral fat ae a ea 11.72 19.60 32.34 35.50 
Mepemtial Hinid..........6.0605 9.54 7.08 5.89 5.22 
Cerebrosides Sgt eee en 1.15 1.17 1.07 1.04 
Free cholesterol........... 0.95 0.49 | 0.34 0.25 
Cholesterol esters... coed 0.42 0.22 0.22 0.30 
Phospholipid........... 7.02 5.20 4.26 3.63 
Cephalin i ie | oe lee 1.82 
Lecithin | 5.2 | 2.60 1.42 | 1.35 
Sphingomyelin ee | 0.47 | 0.34 | 0.46 








more, the composition of the phospholipid is markedly altered as growth 
proceeds. The proportion of lecithin in the total decreases, whereas 
cephalin increases. 

To give a true picture of the structural changes occurring during growth, 
it is necessary to eliminate the variable influence of the storage fat. There- 
fore, in Table II, the essential lipid composition of the rat at different ages 
has been given on the basis of the neutral fat-free dry weight. The con- 
centration of the essential lipid showed a downward trend between birth 
and 70 days, from 10.81 to 8.09 per cent. The most significant change 
occurred between birth and 15 days of age, with a drop from 10.81 to 
8.80 per cent. 

It is apparent, however, that the changes in the essential lipid components 
are not parallel. Both phospholipid and free cholesterol decreased in 
concentration with advancing age. Cerebrosides increased from a con- 
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centration of 1.30 per cent at birth to 1.61 per cent at 70 days of age. The 
chalesterol ester content at birth was 0.48 per cent of the neutral fat-free 
dry weight; after 15 days it had dropped to 0.27 per cent, but at 70 days 
it had risen to 0.47 per cent. 

The partition of the phospholipid shows the marked changes that occur 
in this lipid fraction as growth progresses. Lecithin and cephalin showed 
inverse trends up to 45 days of age; the lecithin decreased and the cephalin 


Tas_e II 
Essential Lipid Composition of Rats at Different Ages 


The values are in per cent of neutral fat-free dry weight. 

















New born 15 days old 45 daysold | 0 days old 
Essential lipid 10.81 8.80 8.70 8.09 
Cerebrosides ' 1.30 1.46 1.58 1.61 
Free cholesterol a? ae 0.50 | 0.39 
Cholesterol esters 0.48 0.27 0.33 0.47 
Phospholipid. . 7.95 6.46 6.29 5.62 
Cephalin 1.55 2.65 3.69 2.82 
Lecithin | Om |. om 2.10 2.09 
Sphingomyelin 0.49 0.58 0.50 0.71 
Taste III 
Percentage of Lipid Distribution 
| ew bese 6 Spe a 

catalan =f ae Seca — 
Total lipid | Neutral fat 55 73 85 87 
| Essential lipid 45 27 15 13 
Essential lipid Cerebrosides 12 17 18 20 
| Free cholesterol 10 7 6 5 
Cholesterol esters 4 3 t 6 
Phospholipid 74 73 72 69 
Total phospholipid; Cephalin 20 4] 59 50 
Lecithin 74 50 33 37 
Sphingomyelin 6 9 S 13 


increased in concentration. After 70 days lecithin remained unchanged, 
whereas the cephalin showed a significant drop in concentration. Although 
sphingomyelin showed no consistent trend, the concentration changed 
from 0.49 per cent at birth to 0.71 per cent at 70 days of age. 

The effect of growth on the lipid pattern is presented in Table III. The 
tremendous changes in the lipid composition of the body are striking. The 
neutral fat fraction composed 55 per cent of the total lipid at birth, whereas 
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at 70 days it made up 87 per cent of the total. The largest component 
of the essential lipid, phospholipid, comprised 74 per cent of the total 
at birth and fell to 69 per cent at 70 days of age. In contrast, cerebrosides, 
the second largest constituent of the essential lipid, were 12 per cent of 
the total at birth, but rose to 20 per cent at 70 days. Although the choles- 
terol fractions are minor components of the essential lipid, at least quanti- 
tatively, they show significant alterations during growth. In percentage 
of essential lipid, free cholesterol decreased from 10 per cent at birth to 
5 per cent of the total at 70 days, while the cholesterol esters were 4 per 
cent at birth, but composed 6 per cent of the total at 70 days of age. 

Similar to that of the essential lipid, the pattern of the phospholipid 
components shows marked changes with advancing age. Cephalin made 
up one-fifth of the total at birth but increased to one-half at 70 days of 
age. Likewise, the smallest fraction of the phospholipid, sphingomyelin, 
increased from 6 to 13 per cent. Consequently, the lecithin fraction which 
comprised three-quarters of the total phospholipid at birth made up little 
more than one-third (37 per cent) of the total at 70 days of age. 


Part II. Influence of Diet on Lipid Composition of Body* 
EXPERIMENTAL 


At weaning (22 days of age) four male rats were taken from each of 
fifteen litters and litter mates were placed in different groups, making four 
groups of fifteen rats each. The animals were distributed so that the 
total weights of each of the groups were approximately equal. The animals 
in one group, designated control, were killed immediately, the contents 
of the intestines removed, the whole body ground in a food chopper, frozen, 
and dried from the frozen state under a vacuum (10). Each of the re- 
maining three groups was placed on a special diet, and each rat was fed 
3000 calories, after which it was killed and the whole body ground and 
dried as described. The three diets contained the same ingredients: 
casein, sucrose, salt mixture,’ Crisco, dextrin, and vitamin supplements:* 
The only variations were in the amounts of Crisco and dextrin, which 
together furnished 77.2 per cent of the caloric intake and were altered 
isodynamically to produce high or low fat and carbohydrate diets. In 
the group designated as adequate, Crisco and dextrin each furnished 38.6 
per cent of the total calorie intake; in the group designated high fat, Crisco 


* This is the initial report of a series of studies upon the effects of diet upon growth 
and the approximate composition of animal tissues. 

* Wesson’s salt mixture (12). 

‘Dietary supplements (three times weekly): ryzamin-B No. 2, 200 mg.; Lilly’s 
liver-stomach extract, 100 ml.; White’s concentrated cod liver oil, 50 mg.; wheat germ 
oil, 40 ml.; linoleic acid, 20 mg.; and choline chloride, 35 mg. 
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and dextrin furnished, respectively, 67.9 and 9.3 per cent of the calories; 
and in the group designated high carbohydrate, these foods furnished 93 
and 67.9 per cent, respectively. The amounts of all the remaining dietary 
ingredients were the same in each diet. Feeding was controlled (the food 
intake being weighed three times per week) so that all animals consumed 
their diets in approximately the same number of days (average, 66). Each 
animal was kept alone in a false bottom cage and allowed water ad libitum. 
The vitamin supplements were fed to each animal, separately, three times 
weekly. After the animals were killed at the end of the dietary period, the 
whole bodies were ground in a food chopper, frozen, and dried. 10 per 
cent of the dry material from each rat was used to make four composites, 
each composite representing one of the diet groups. The composites 
were extracted and the lipids determined, as described in Part I. 


TaBLe IV 
Effect of Diet on Lipid Composition of Rats 


The values are in per cent of dry weight. 


High carbo- 


Control Adequate diet High fat diet hydrate diet 
Total lipid 16.58 44.80 49.10 36.01 
Neutral fat 8.71 40.56 45.16 32.28 
Essential lipid 7.87 4.24 3.94 3.73 
Cerebrosides 1.23 1.59 1.40 0.81 
Free cholesterol 0.43 0.15 0.14 0.15 
Cholesterol esters 0.75 0.14 0.14 0.25 
Phospholipid 5.46 2.36 2.26 2.52 
Cephalin 2.49 0.84 0.97 1.01 
Lecithin 2.30 1.21 0.93 1.13 
Sphingomyelin 0.67 0.31 0.36 0.38 

Results 


The lipid distributions of the composites of whole bodies of rats before 
(control) and after ingestion of 3000 calories of the experimental diets 
(adequate, high fat, and high carbohydrate) are presented in Table IV. 
The results show that all of the experimental diets produced a large storage 
of fat, although it is evident that much less fat was stored on the high 
carbohydrate than on the other diets. The high carbohydrate diet appears 
to have influenced the lipid composition of the body with respect to such 
essential lipid components as cerebrosides and cholesterol. However, 
the differences in neutral fat are such as to obscure the significance of 
these changes. Therefore, the distribution of the essential lipid is given 
in Table V in terms of neutral fat-free dry weight. 

No significant differences in the structural (essential) lipid distribution 
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in the -bodies of rats fed the adequate or high fat diets are evident. The 
data show a decreased concentration of the phospholipid and cholesterol 
components and an increased content of cerebrosides over that of the 
control. These changes are typical of advancing age, as shown in Part 
[, and are not the result of diet. However, the high carbohydrate diet 
appears to have produced marked differences in the essential lipid dis- 
tribution. 

The phospholipid component appears to be least affected by the high 
-arbohydrate diet, although the concentration (3.72 per cent) was lower than 
that for the adequate (3.97 per cent) or the high fat diet (4.12 per 
cent). The decreased concentration that oecurs as growth proceeds is 
apparent, inasmuch as the controls contained 5.98 per cent phospholipid. 
The most significant effect appears to have been on the content of cere- 


TaBLe V 
Effect of Diet on Essential Lipid Composition of Rats 


The values are in per cent of neutral fat-free dry weight. 


High carbo- 














Control | Adequate diet | High fat diet hydrate diet 

OS” Se ers 8.62 7.13 | 7.19 5.51 
Cerebrosides soci 1.35 2.67 2.55 1.20 
Free cholesterol 0.47 0.25 0.26 0.22 
Cholesterol esters 0.82 0.24 0.26 0.37 
Phospholipid 5.98 3.97 SS aoe 
Cephalin 2.73 1.41 1 be ee 
Lecithin 2.52 2.04 1.69 1.67 
Sphingomyelin 0.73 0.52 0.66 0.56 


brosides. ‘The animals contained only 1.20 per cent cerebrosides in con- 
trast to 1.35 per cent for the controls and 2.67 and 2.55 per cent for the 
adequate and high fat groups, respectively. Likewise, the concentration 
of free cholesterol was less in the high carbohydrate-fed rats than in 
the other dietary groups. Contrariwise, cholesterol ester synthesis 
appears to have been greater on the high carbohydrate diet. 

The lipid distribution pattern is given in Table VI. It is apparent 
that the type of diet had little or no effect on the proportion of essential 
lipid and storage lipid or fat. In all diet groups 90 per cent or more of 
the total lipid was neutral fat, despite the fact that there was much less 
total lipid, and therefore neutral fat (Table IV) in the animals fed the 
high carbohydrate diet than in those fed either the adequate or high fat 
diets. The patterns of the components comprising the essential lipid, 
however, demonstrate the marked differences between the high carbo- 
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hydrate diet and the other dietary régimes. Those for both the adequate 
and the high fat diets are practically identical. A little more than one- 
half (56 to 57 per cent) of the essential lipid material was phospholipid 
and a little more than one-third (36 to 37 per cent) was cerebroside. The 
remaining 7 per cent was about equally divided between free cholesterol 
(4 per cent) and cholesterol esters (3 per cent). In contrast, the essential 
lipid pattern of the animals fed the high carbohydrate diet showed 67 
per cent phospholipid and only 22 per cent cerebroside. Further, although 
the free cholesterol value was similar (4 per cent), the cholesterol ester 
content was more than double (7 per cent) that for any of the other dietary 
groups. In fact, the essential lipid pattern of the high carbohydrate 
group is little different from that of the control group. 


Taste VI 
Percentage of Lipid Distribution 
Coatrol oe > Se B.. © 
drate diet 
Total lipid Neutral fat 53 91 92 90 
Essential lipid 17 9 Ss 10 
Essential lipid Cerebrosides 16 37 35 22 
Free cholesterol 5 1 i 1 
Cholesterol esters 10 3 i 7 
Phospholipids 69 56 57 67 
Total phospholipid) Cephalin 46 36 $3 40) 
Lecithin 42 51 4] 45 


Sphingomvelin 12 13 16 15 


The distrfbution of the individual phospholipids in terms of total phos- 
pholipid shows little significant alteration as the result of diet differences. 
Sphingomyelin composed 12 to 16 per cent of the total for all groups and 
the remainder was about equally distributed between cephalin and leci- 
thin. 

DISCUSSION 

The effect of aging and diet on the lipid composition of the rat has been 
studied during the period of most rapid growth by that animal species. 
The experiments in Part I encompassed the period from birth to 70 days 
of age; those of Part II covered the period from 22 to approximately 88 
days of age, since the average time the animals took to consume 3000 
calories was 66 days. 

The results in Part I show the tremendous increase in fat content of 
the body during growth and aging, and confirm previous studies on rats 
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and other species. The changes in body composition are marked by a 
2-fold increment in the proportion of total lipid to total dry weight, from 
one-fifth of the dry weight at birth to two-fifths at 70 days. That this 
seemingly physiological alteration in body composition is not greatly 
limited by requiring the body to secure the fatty substances from energy 
sources other than fat (in this case largely by synthesis from carbohydrate) 
is demonstrated by the results of feeding a high carbohydrate diet. 

However, the present experiments were not designed to investigate 
this particular phase of fat metabolism, which has been extensively studied 
by others. Rather, the purpose was to determine the influence of aging 
and diet upon the lipid components essential to cell structure and function. 
To accomplish this, it is necessary to separate the storage lipid and the 
essential lipid fractions in the total lipid. The data amply demonstrate 
the importance of such a differentiation. The changes which occur in the 
total lipid content of the body in response to either aging or diet are a 
reflection of the alterations in the neutral fat fraction, since this component 
usually composes, under a wide variety of conditions, 50 to 90 per cent 
of the total lipid. Therefore, for the study of the lipid structural changes 
in the tissues, it is necessary to base the calculations on the neutral fat-free 
composition. 

On that basis, certain fundamental changes in the essential lipid com- 
position of the body take place during growth and development. The 
total phospholipid and free cholesterol concentrations decrease, whereas 
that of cerebrosides increases. Cholesterol esters are highest at birth, 
lowest at 15 days of age, and by 70 days return to approximately the con- 
centration at birth. For phospholipid and cholesterol the results indicate 
that although these components of the essential lipid are being synthesized, 
since in absolute amounts the body of a 70 day-old rat contains more phos- 
pholipid and cholesterol than that of the new born rat, the rate of synthesis 
is less than that of other structural elements such as protein. On the 
other hand, the synthesis of cerebrosides occurs at a higher rate than for 
other structural elements. The same is true for the cephalin portion up 
to 45 days of age. For cholesterol esters, formation is less rapid than 
for the whole neutral fat-free body substance, for the first 15 days of age, 
but after this time accumulation of this lipid fraction is at a higher rate. 

These changes in the lipid composition of the body present a composite 
picture of the alterations occurring in the individual organs and tissues 
composing the body, as well as reflect the changes in the relative pro- 
portions of the various types of body tissues as growth progresses. The 
importance of the concentration of essential cellular lipids in various types 
of body tissues already has been indicated (5). Although the brain and 
other neural tissues rank first in lipid concentration, of the various 
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tissue systems of the body, muscle tissues are among those which contain 
the lowest amounts. Thus the musculature might be expected to exert 
a ‘preponderant influence upon the lipid composition because of the large 
amounts present in the body. 

The musculature of the rat is approximately 24 per cent of the body 
weight at birth, and 41 per cent at 70 days of age (13); therefore, the 
marked changes in the concentration of certain of the essential lipid com- 
ponents during growth may be a reflection of growth and expansion of 
the muscular system. Inasmuch as the phospholipid and free cholesterol 
concentrations in muscle (with the exception of heart muscle) are rela- 
tively low (5), increase in this type of tissue would consequently lower 
the concentration of these lipid fractions in the whole. Also, muscles 
contain a relatively high content of cerebrosides (5), and therefore the 
increasing concentration of cerebrosides in the body with advancing age 
may be, likewise, a reflection of the proportional increase in musculature. 
The increase in cephalin concentration can be explained similarly. An 
analogous explanation for the changes observed in the cholesterol ester 
fraction would not seem to be justified, due to the very small amounts 
of this lipid component in muscle tissue. Rather, since notable concen- 
trations of cholesterol esters are normally found in the body only in the 
adrenals, liver, and blood plasma, the growth of these tissues may be 
responsible for the changes occurring in the cholesterol ester concentration 
of the body during growth. As an example of this possibility, the blood 
volume of a new born rat has been given as about 0.25 ml. (13); after 15 
days it has increased to about 0.54 ml., by 45 days it is little over 4 ml., 
and at 70 days nearly 8 ml. 

The results in Part II show that diets in which the main sources of 
calories are equally divided between fat and carbohydrate, or those in 
which fat furnished most of the calories, had little influence on the strue- 
tural lipid content or pattern. The alterations which occurred, such 
as a decreased concentration of phospholipid and an increased content 
of cerebrosides, are typical of the changes which take place in the essential 
lipid content of the body during growth. However, feeding a diet in 
which the major portion of the calories was derived from carbohydrate 
vielded different results. Synthesis of cerebrosides and free cholesterol 
appears to be impaired on this diet, and that of cholesterol esters enhanced. 
Some explanation for these results may be evident from the work of Tread- 
well and Eckstein (14) who have concluded that ‘the fat content of the 
diet is intimately associated with the synthesis of cholesterol in the young 
white rat.’ Larger amounts of cholesterol were synthesized on a high 
than on a low fat diet. 

These studies of the whole animal body indicate the importance of 
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gparating the lipids of the body into separate categories: (a) storage 
lipid or neutral fat and (6) essential, or structural, lipids, in determining 
the effect of growth or diet on body composition. Alterations in the 
essential lipid pattern of the tissues and cells of the body are not shown 
by changes in total lipid composition, which reflect the variations in the 
relatively large quantity of neutral fat. Neutral fat, although important 
fom the standpoint of energy storage and reserve, is unessential in the 
cell structure. 

As the body ages and growth proceeds, the pattern of essential lipid 
composition is altered significantly, probably as¢he result of the alterations 
in the essential lipid composition of individual tissues and the changes 
in the relative proportions of the various tissues present in the body. 
Moreover, this essential lipid pattern may be influenced by diet, for re- 
striction of the proportion of calories derived from fat may retard the 
synthesis of cerebrosides and alter the proportions of free and combined 


cholesterol. 
SUMMARY 


The lipid distribution (phospholipid (cephalin, lecithin, and sphingo- 
myelin), free and combined cholesterol, cerebrosides, and neutral fat) 
was determined in the whole bodies of new born rats and animals 15, 
45, and 70 days old, and in the whole bodies of control rats (22 days of 
age) and litter mates after each had ingested 3000 calories of an adequate, 
high fat, or high carbohydrate diet. 

The importance of separating the lipids of the body into (a) neutral, 
or storage lipid, fat and (6) essential, or structural, lipid has been demon- 
strated. Alterations in the essential lipid composition of the body during 
growth are not reflected in the changes occurring in total lipid composition, 
for the latter reflects the variations in the neutral fat which composes 
the largest portion of the total (50 to 90 per cent). 

The essential lipid pattern is altered significantly during growth and 
development. The concentrations of phospholipid antl free cholesterol 
decrease, whereas those of cerebrosides and cholesterol esters increase, 
probably not only as the result of changes in the composition of individual 
tissues but also because of the changes in the relative proportions of the 
various tissues present in the body. 

Although diets in which 40 to 70 per cent of the calories were derived 
from fat had no influence on the essential lipid composition of the body, 
a diet in which less than 10 per cent of the calories was furnished by fat 
produced an apparently significant alteration. On the latter diet the 
rats contained less cerebrosides and free cholesterol and more esterified 


cholesterol. 
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Growth has been characterized as “‘the continued increase in living and 
essential structural substance” (1). The rapid accumulations of nitrogen 
(protein) and ash (minerals) are distinctive features of the chemical changes 
gecurring in the mammalian body coincident with the phenomenon of 
growth (2). Minerals are preeminent structural components of the skele- 
ton of the body. Similar prominence has been attributed to protein in 
the construction of the “soft’’ tissues. Equally important as essential 
structural constituents, however, are the lipids (3). 

Normally, the major portion of the lipid in the body is triglyceride or 
neutral fat which serves as an energy depot or reserve, the concentration 
depending upon general “nutriture.” However, the concentration of 
that portion of the body lipid which is essential in the cell structure (phos- 
pholipid, cholesterol, and cerebrosides) is in large measure independent 
of the diet and dependent upon the age, or size, of the organism (4). Both 
the concentration and the distribution pattern of the essential lipids vary 
among the different tissues of the body in proportion to the extent and 
variety of the physiological activities (3, 5) of the tissues. 

Although an increase in the total fat content of the animal body is a 
characteristic change with increased age, this does not represent the changes 
in essential lipid composition which occur as the result of growth and 
development. Rather, the increased total lipid reflects an augmented 
reserve deposit of neutral fat. As has been indicated (4), alterations in 
the essential lipid composition may reflect fundamental structural changes 
in the tissues, as well as changes in the relative amounts of the various 
tissues during growth. 

The present study was designed to investigate the lipid composition of 
various organs and tissues relative to the structural changes associated 
with growth. 

EXPERIMENTAL 


Male rats, 15, 45, and 70 days of age, were selected from the same stock 
and with similar dietary backgrounds (Rockland rat diet). The body of 


*A preliminary report of this study was presented before the Division of Biolog- 
ical Chemistry of the American Chemical Society at the 105th meeting at Detroit, 
Michigan, April 12-16, 1943. 
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each animal was opened under ether anesthesia, and after the section of 
the aorta, as much blood as the heart would pump out was sponged away. 
The heart, thymus, lungs, liver, kidneys, spleen, testes, brain, and muscle 
tissue from the legs and back were dissected and placed in separate bottles, 
The tissues, after desiccation from the frozen state under a vacuum (6), 
were extracted with hot ethanol, then with ethyl ether. The final combined 
extract represented approximately a 3:1 mixture of alcohol-ether and was 
analyzed for tota] phosphorus, choline, sphingomyelin, total and free 
cholesterol, galactose, and acetone-soluble glycerol. Total phospholipid, 
choline phospholipid, cephalin, lecithin, cholesterol esters, cerebrosides, 
and neutral fat were calculated from the analytical results (3). Details 
of the analytical procedures have been published (7). 


Results 


The lipid composition of the tissues from animals 15, 45, and 70 days old 
is presented in Table I. The data for the different tissues are arranged 
in the order of descending concentration of essential lipid at 15 days of 
age. All of the tissues except thymus and skeletal muscle show a con- 
sistent increase in essential lipid content during growth from 15 to 7 
days of age. These changes are a reflection of those of the major compon- 
ent of the essential lipid, the phospholipid, since in every instance they 
are parallel. However, the other components of the essential lipid, cere- 
brosides and cholesterol, change independently, not only with respect to 
ach other, but also to the total essential lipid as well, during the same 
period of growth. 

Cerebrosides increase more than 2-fold in the brain, testes, and skeletal 
muscle, whereas in the heart cerebrosides drop from 2.32 per cent at 15 
davs to 1.37 per cent at 70 days of age. Free cholesterol shows a definite 
increase with age in the brain and lung and a decrease in the heart and 
thymus. For cholesterol esters during growth, there was a fall in con- 
centration in the brain, heart, and skeletal muscle, and a rise in the 
testes, thymus, and spleen. 

For the tissues studied, except skeletal muscle, of animals 15 and 45 
days old, the neutral fat fraction is a minor part of the total lipid in the 
tissue and as growth proceeds, the neutral fat decreases. 

The changes in the phospholipid distribution in the tissues during growth 
are given in Table II. In every tissue except lung and skeletal muscle 
the content of the cephalin fraction parallels that of the total phospholipid. 
For the total of the choline phospholipids, the kidney, lung, and testes 
show a higher content at 70 days of age than at 15, but for the other tissues 
the opposite is true. The lecithin component appears to follow a parallel 
course, although the concentration of sphingomyelin seems to vary 
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independently of either the choline phospholipids or the total phospholipid. 
The brain, kidney, lung, and spleen show a significant increase in sphingo- 
myelin concentration during growth from 15 to 70 days of age, while the 


Tissue 


Brain 


Heart 


Kidney 


Lung 


Testes 


Liver 


Thymus 


Spleen 


Skeletal muscle 


* 88 of the 107 rats used. 
+19 different rats. 
188 of the 116 rats. 


TABLE I 


Lipid Composition of Rat Tissues 





Age 


days 

15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 


No. 
of 
ani- 
mals 


107 
13 
6 
88 
13 
6 
107 
13 


107 
13 
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13 
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13 
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muscle tissues, both heart and skeletal, show a decrease. 
the sphingomyelin content in liver, testes, and thymus appears to be 
relatively unchanged during this period of growth. 

The lipid distribution of the various tissues is presented in Table III. 
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It is apparent that the major portion of the total lipid is essential lipid, 
With the exception of muscle, in which only 30 per cent of the total lipid 
was essential lipid at 15 days of age, over 60 per cent of the total at 15 
days and over 70 per cent at 70 days of age were essential lipid. Although 
the data are incomplete, for those tissues in which the neutral fat could 


TaB.e Il 
Phospholipid Distribution in Rat Tissues 


The values are in per cent of dry weight. 








Choline phospholipids 








Total 
Tissues Age phospho- Cephalin si ol ic af 
lipid Total Lecithin —— 
days 

Ss w Rules ee gua 4 b0 es 15 21.34 10.37 10.97 7.04 3.93 
15 26.43 17.07 9.36 5.37 3.99 

70 27.19 18.05 9.14 4.87 4.27 

Heart eit Bag 15 12.85 5.53 7.32 6.30 1.02 
45 14.16 6.15 8.01 7.59 0.42 

70 15.38 9.01 6.37 5.89 0.48 

Kidney.... 15 11.99 5.83 6.16 5.21 0.95 
15 14.15 7.19 6.96 5.19 1.77 

70 15.19 7.40 7.79 5.96 1.83 

Lung Pa 15 10.75 3.73 7.02 5.04 1.98 
45 12.49 3.22 9.27 ry 2.10 

70 13.75 4.63 9.12 6.53 2.59 

Testes tel 15 10.32 3.19 7.13 6.03 1.10 
45 14.54 7.39 7.16 6.09 1.06 

70 14.97 7.74 7.23 6.19 1.04 

Liver 15 11.67 5.18 6.49 6.05 0.44 
15 12.64 6.61 6.03 5.55 0.48 

70 13.90 7.70 6.20 5.85 0.35 

Thymus 15 9.72 5.23 1.49 3.63 0.86 
45 11.66 7.27 1.39 3.73 0.66 

70 10.75 6.75 $00 3.28 0.72 

Spleen 15 6.93 1.38 5.55 5.03 0.52 
45 9.57 5.20 $.37 3.44 0.93 

70 10.76 6.17 $.59 3.48 1.11 

Skeletal muscle 15 5.95 1.42 1.53 4.05 0.48 
, 45 5.17 2.71 2.46 2.30 0.16 

70 8.57 4.84 3.73 3.56 0.17 





be determined there was, except in liver, a consistent drop in the percentage 
of neutral fat and a corresponding increase in essential lipid as the tissues 
grew. 

In animals 15 days old, over 70 per cent of the essential lipid is composed 
of phospholipid. In brain, testes, and muscle, the proportion of phos- 
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pholipid in essential lipid is lower at 70 days than at 15 days of age, but 
in the remaining tissues investigated the per cent of phospholipid is higher 


at the 70 day age level. 


_ 


Tissue 


Brain. . 


Heart 


Kidney.. 


Lung 


Testes 


Liver 


Thymus 


Spleen 


Skeletal muscle 


Age 


days 
15 
45 
70 
15 
45 
70 
15 
15 
70 
15 
45 
70 
15 
45 
70 
15 
15 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 


Tas_e III 
Distribution of Lipids in Rat Tissues 
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In all the tissues except lung and spleen, cerebrosides constitute the 
In these two organs the 


second largest fraction of the essential lipid. 


cholesterol fraction comprises a larger percentage of the total. 


The cere- 
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broside content of the brain, testes, and skeletal muscle shows a marked 
proportional increase from 15 to 70 days of age, but for the heart there 
is a significant decrease. The brain and lung are the only tissues in which 
free cholesterol shows a proportional increase with the advance in age, 
In most tissues there is a drop in the percentage of cholesterol esters in 
the essential lipid during growth, but in the testes, thymus, and spleen 
there is an increase. 

The percentage distribution of the phospholipids, which is given in 
Table III, shows that, during growth, in all tissues except kidney and lung 
there is a consistent increase in the proportion of cephalin to total phos- 
pholipid and a corresponding decrease in total choline phospholipid. The 
trend of the choline phospholipid is largely a reflection of the changes 
in the amounts of lecithin, in every instance except for the heart. Sphingo- 
myelin shows a proportional decrease in muscle (both heart and skeletal) 
and in the testes, whereas in kidney and spleen there appear to be sig- 
nificant increases. 

DISCUSSION 

The importance of separating the tissue lipids into separate categories, 
essential lipid and storage lipid, has been indicated (3). Likewise, the 
significance of this distinction relative to the lipid changes in the body 
as a whole during growth was pointed out (4). Similarly, although in 
the present investigation the lipid composition of the various organs has 
not been presented on the neutral fat-free basis, since this fraction is a 
minor component of the total lipid in the tissues studied and does not 
obscure the fundamental changes in the lipids essential in their structure, 
yet the importance of differentiating between an essential fraction and 
a depot, or reserve, fraction among the components of the total is evident. 
Skeletal muscle furnishes the best example, although liver is equally il- 
lustrative. For the muscle, the total lipid changes from a high of 27.79 
per cent at 15 days to a low of 15.84 per cent at 70 days of age. This is 
a reflection of the marked changes in the triglyceride or neutral fat com- 
ponent, which drops from 19.58 per cent at 15 days of age to 3.44 per cent 
at 70 days. The concentration of the essential lipid, hcwever, falls slightly 
from 15 to 45 days of age (8.21 to 7.84 per cent) and markedly increases 
by 70 days to 12.40 per cent. 

From the standpoint of lipid composition, the growth of the tissues 
studied is characterized by an increase in the concentration of the essential 
lipid (Table 1). Thymus appears to be a special case. This particular 
organ, although exhibiting a slightly higher content of essential lipid at 
70 days of age (12.74 per cent of the dry weight) than at 15 days (12.00 
per cent), actually contains a greater concentration at 45 days (13.08 per 
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cent). In this respect, it is well known that the thymus of the rat retro- 
gresses after puberty, and as shown by Donaldson (8), the thymus is 
the only organ among the tissues here considered which does not show an 
absolute weight increase throughout life. 

The increase in essential lipid content of the tissues, concomitant with 
growth, is a reflection of the change in the phospholipid component which 
comprises 65 to 90 per cent of the total (Table III). Furthermore, except 
for lung tissue from animals 45 days old, the phospholipid reflects the 
increase in cephalin (Table II). Quantitatively, therefore, the fundamental 
change in lipid composition during growth, common to all the tissues stud- 
ied, appears to be an increase in cephalin concentration. 

In contrast, the other essential lipid components exhibit changes which 
vary among the different organs and which are probably related to specific 
functional and structural changes in a particular tissue during a phase 
of growth and development. For example, the cerebroside content of 
the brain increases more than 2-fold between 15 and 45 days of age, and 
increases in testes and skeletal muscle up to 70 days, whereas the cere- 
broside content of heart muscle decreases nearly one-half, between 15 and 
70 days of age. The only organ which shows a rise in free cholesterol 
content consistent with growth, exclusive of the brain, is the lung; both 
heart and skeletal muscles show a marked drop. 

It may be significant that the changes noted for the free cholesterol in 
brain, lung, and heart and skeletal muscle are paralleled by similar changes 
in the sphingomyelin components of the phospholipids. This parallelism 
does not follow for all tissues, however, since kidney and spleen register 
consistent increases in sphingomyelin content during growth, whereas 
for free cholesterol the changes, although minor, tend towards a lower 
concentration. 

From the lipid pattern of the various organs (Table III) it is possible to 
note the significance of certain essential lipid constituents relative to 
a particular organ, which might not be apparent from the figures on con- 
centration. Brain has the lowest relative percentage of phospholipid 
and the highest of free cholesterol, in the essential lipid. Skeletal muscle 
contains the highest percentage content of cerebrosides in essential lipid, 
followed by brain and testes, whereas liver has the lowest. The growth 
of the tissues accentuates these percentage patterns. 

There is a general tendency in the phospholipid pattern for the relative 
percentage of cephalin to increase and that of lecithin to decrease. As 
was noted (3), the relative percentage of sphingomyelin is highest in the 
lung and lowest in the muscles. 

With respect to the individual tissues, several points appear to merit 
emphasis. The brain, being the master neural tissue, contains the highest 
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concentration of the essential lipid components. These, except for lecithin 
and cholesterol esters, increase in concentration during the growth period 
(15 to 70 days) covered in this study. Among the early investigations of 
the chemical differentiation of the brain during growth, those of Koch (9) 
are of classic interest. Relatively, however, the brain contains the lowest 
percentage phospholipid (of essential lipid) of any tissue. Furthermore, 
the relative percentage of sphingomyelin is higher in lung than in brain, 
Also, cerebrosides are greater in skeletal muscle and the relative amount 
in testes is equal to that in brain. Therefore, from the viewpoint of fune- 
tion, it would appear that, although cephalin is of relatively great im- 
portance to the brain, phospholipid as a whole is not, in comparison to 
cerebrosides and free cholesterol and to the phospholipid in other organs, 
Likewise, cerebrosides appear to be much more significant in skeletal 
muscle, relatively, than in brain. However, free cholesterol appears to be 
relatively unimportant in muscle, particularly in skeletal muscle.  Simi- 
larly, sphingomyelin is relatively unimportant in muscle tissue, but appears 
to be quite significant in the lung, brain, and kidney. 

Judged from the changes in both the quantity of the essential lipid 
components and the lipid pattern of the various tissues during growth, 
the fraction of the phospholipid designated as cephalin is the common 
structural lipid component of all the tissues investigated. The tact that 
neural tissue contains such large quantities of the essential lipids which 
exhibit a characteristic expansion during growth and development supports 
the view (10, 11) that at least part of the lipids of a tissue is related to the 
neural structures in that tissue. That not all the essential lipid is so 
related is indicated by the characteristic developmental patterns among 
the various tissues. In no case are there any which, either quantitatively 
or qualitatively, are exactly similar to that of neural tissue (brain). 

For example, such characteristic lipid changes as are exemplified by the 
cerebrosides of skeletal muscle in contrast to that of cardiac muscle imply 
that the essential lipid components are not merely the reflection of a neural 
mechanism in the tissue, but are structural components of the tissue cells 
associated with growth and a specific functional development. Char- 
acteristic physiological properties of skeletal muscle (12) are ‘‘ability to 
contract quickly and strongly and to be tetanized, but not spontaneously 
active; capable of large expenditures of energy; single nerve supply, whieh 
is from the outside.’ For cardiac muscle, they are ‘spontaneous rhythmic 
activity; absolute refractory period, so that tetany is impossible; ‘all or 
none’ contraction; intrinsie nerve supply and regulatory nerve supply 
from the outside.’”’ The cerebroside content of skeletal muscle increases 
with growth, whereas that of cardiac muscle decreases. 

As a further illustration, the phospholipid component, sphingomyelin, 
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decreases in concentration in both of these types of muscle during growth. 
In the lung and kidney, both organs in which a large part of the physi- 
ological functions are concerned with the transfer of biochemical substances 
across semipermeable membranes, the content of sphingomyelin increases 
during growth. The relatively high content of sphingomyelin found 
in the intestinal mucosa by Hunter (11) lends support to the speculation 
that sphingomyelin may be involved in the success of the tissue to accom- 
plish this transfer. Thus, the changes found in the concentration and 
pattern of the essential lipid components during growth provide information 
about lipid constituents and tissues other than those studied by Bloor 
(10). The results of this study extend Bloor’s investigation of cholesterol 
and phospholipid in muscle, and verify his conclusion that ‘it seems prob- 
able that these associations represent, to some extent at least, real func- 
tional relations’ (10). 


SUMMARY 


The lipid distribution, phospholipid (cephalin, lecithin, and sphingo- 
myelin), free and combined cholesterol, cerebrosides, and neutral fat, 
has been determined in tissues (brain, heart, kidney, lung, testes, liver, 
thymus, spleen, and skeletal muscle) of rats 15, 45, and 70 days old. All 
of the tissues increase in essential lipid content during growth. This 
increase is a reflection of the phospholipid, which is the major component 
of the essential lipids. The other components of the essential lipid, cere- 
brosides and cholesterol, vary independently, not only with respect to 
each other but also to the total, during growth of the rat between 15 and 
70 days of age. 

The fundamental change, quantitatively, in lipid composition during 
growth, common to all the tissues studied, appears to be an increase in 
cephalin concentration. Specific changes in the various organs during 
growth are an increase in cerebrosides in testes and skeletal muscle and 
a decrease in cardiac muscle; a decrease in free cholesterol and sphingomye- 
lin in both skeletal and cardiac muscle; and an increase in sphingomyelin 
in kidney, lung, and spleen. All essential lipid components except lecithin 
and cholesterol esters show a marked increase in the brain during growth. 

The probable relationships of these changes in lipid composition and 
pattern among the various tissues to the structural and functional growth 
of the tissue are discussed. 
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PREPARATION, PROPERTIES, AND PARENTERAL ADMINIS- 
TRATION OF TRYPTOPHANE-CONTAINING ACID 
HYDROLYSATES OF PROTEINS* 


By ABRAHAM WHITE ano MARION A. SAYERSt 
(From the Department of Physiological Chemistry, Yale University, New Haven) 


(Received for publication, September 6, 1945) 


In a preliminary communication published several years ago (1), there 
was described a procedure for the preparation of tryptophane-containing 
acid hydrolysates of proteins. These hydrolysates were found to be suit- 
able for intravenous administration. It has now been possible to complete 
this investigation. 

The problem of parenteral administration of nitrogen derived from pro- 
tein sources has been adequately reviewed (2-5). It has been demon- 
strated that experimental animals and humans utilize parenterally 
administered nitrogen for maintenance of positive nitrogen balance and for 
plasma protein regeneration (2-15), and satisfactory growth has been 
reported for rats receiving protein nitrogen solely via the parenteral route 
(10). The sources of nitrogen employed have generally been products 
prepared from proteins by enzymatic digestion or by acid hydrolysis. 
More recently, satisfactory nitrogen balance and plasma protein regenera- 
tion have been achieved experimentally by parenteral administration of 
synthetic mixtures of pure amino acids (8, 12, 14, 15). 

Enzymatic digests of proteins contain the original complement of amino 
acids present in the protein, and, when prepared from a nutritionally ade- 
quate protein, do not require amino acid supplements. The chief unde- 
sirable feature of enzymatic digests for parenteral use appears to be the 
crude enzyme materials employed for large scale preparations. Ground, 
fresh hog pancreas has been used for the commercial preparation of certain 
enzymatic digests (16), and papain for others (9). While there is no 
definite evidence that such products contain foreign allergens, some un- 
desirable contaminants present in the enzyme preparation might appear in 
the final product prepared from the digest. 

Complete acid hydrolysates of proteins have been utilized by a number 
of investigators as a source of parenteral nitrogen (2-5), but require the 
addition of tryptophane, since this essential amino acid is largely destroyed 


* This investigation was aided by a grant from the Fluid Research Fund of Yale 
University School of Medicine. 
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under the usual conditions of hydrolysis. The pure amino acid or a trypto. 
phane-containing protein hydrolysate prepared by alkaline hydrolysis may 
be added to the acid hydrolysates to replace the tryptophane destroyed by 
the acid treatment of the protein. The cost of pure tryptophane has pre- 
viously made this approach to the clinical problem impractical. This ob- 
jection is now less valid as a consequence of the new syntheses of this amino 
acid reported recently from two laboratories (17, 18), thus making dl- 
tryptophane more readily available. However, experimental evidence 
strongly indicates that complete acid hydrolysates, fortified with trypto- 
phane, or synthetic mixtures of amino acids, are not as efficiently utilized 
for the nitrogen needs of the organism when given by vein as are mixtures 
of larger molecular weight peptides resulting from partial degradation of 
proteins (14). The greater rate of loss through the kidneys of moieties of 
lower molecular weigl.t may contribute to these differences. Also, there 
may be amino acid agsregates of optimum size for most efficient utilization 
by the synthetic mechanisms. The latter factor could be particularly 
significant when the amino acid composition of the protein hydrolysate 
used for parenteral ad_ninistration closely approximates the organism pro- 
tein being replaced. 

For these reasons, it seemed desirable to establish conditions of acid 
hydrolysis of protein which would hydrolyze the protein to smaller frag- 
ments that could be given rapidly by vein with no undesirable reactions, 
and yet cause minimal destruction of tryptophane. Mild acid hydrolysis 
of proteins afforded the desired solution of the problem. If casein is re- 
fluxed with relatively weak concentrations of sulfuric acid for short periods 
of time, hydrolysates are obtained with varving quantities of free amino 
nitrogen and of tryptophane. Application of the ninhydrin method (19 
to the hydrolysates has also afforded an approximate index of the degree to 
which free amino acids were liberated under the various hydrolytic condi- 
tions. The usefulness of the application of both the nitrous acid and nin- 
hydrin methods of Van Slyke in interpreting the course of protein hydroly- 
sis has been illustrated in studies of the partial hydrolysis of proteins by 
enzymes (20, 21) and by concentrated hydrochloric acid (22, 23). 

The data for casein hydrolysates are presented in Table I and those 
for hydrolysates of pancreas protein and of pumpkin seed globulin are in 
Table II. The data show that approximately 50 per cent of the potentially 
available free amino groups of casein, pancreas protein, and pumpkin seed 
globulin is liberated by hydrolysis of the proteins with 1.0 sulfuric acid 
for 6 to 16 hours, or with 2.6 n acid for 3 to 6 hours. As might be expected, 
the extent of hydrolysis of the proteins is dependent on the concentration 
of acid and the length of the hydrolysis period. It is also to be noted that, 
under the experimental conditions employed, no great differences in result 
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were observed when the ratio of acid to protein was 20:1 as compared 
to 10:1. 

It is also evident from the data in Table I that a stronger concentration 
of sulfuric acid (5.5 N) effects a rapid hydrolysis of casein in a relatively 
short period of time (6 to 8 hours). At this time approximately 55 per cent 


TaBLe I 
Hydrolysis of Casein by Acid 











— ‘ . saaaiad Tryptophanet 
Acid (ml. é, ‘drolysis | Amino N | CarboxylN) p, . 
mein | Aci concentration | perig| HRgdr ok) in yal yarobsa"| Per cent | Percent 
ysate | original 
hrs. | Pepcemtal | per camel | per com 
0:1 8.0 ~ H.SO, 24 74.8 | 88.6 | 100.0 0.00 | 0.0 
10:1 1.0 3 18.6 | 5.5 24.8 0.99 | 87.6 
10:1 Lon | 6 25.6 12.4 35.4 0.89 | 78.8 
10:1 1Lo« « 16 39.6 29.8 53.0 0.70 | 62.0 
20:1 Lo“ 16 41.7 31.0 55.7 0.89 | 78.8 
10:1 2.6 ‘ 3 35.8 17.6 47.7 0.91 | 80.5 
10:1 26% « 6 48.1 32.2 64.2 0.76 | 67.2 
20:1 26" * 6 53.5 38.0 69.0 0.76 | 67.2 
0:1 5.5% & 3 56.7 43.7 74.5 0.81 71.7 
20:1 5.5 6 68.1 63.3 91.0 0.60 | 53.1 
10:1 5.5“ «& ti 67.2 62.4 88.0 0.67 | 59.2 
20:1 i... % Ss 74.2 SS8.0 98.0 0.62 54.8 
20:1 5.5 24 74.6 88.5 100.0 0.13 | 11.5 
10:1 0.25 * HCl S 14.9 4.4 20.7 0.94 | 83.2 
10:1 a" + 12 18.7 5.6 | 25.0 0.85 | 75.2 
10:1 lg 17 22.7 9.3 30.6 | 0.80 | 70.8 
10:1 0.25 * 24 22.4 9.2 29.8 0.73 | 64.6 
10:1 0.25 « 1S 23.0 9.4 28.8 0.51 | 38.9 





* The extent of hydrolysis is calculated in terms of the ratio of amino nitrogen 
present in the hydrolysate to the amino nitrogen liberated by complete hydrolysis; 
ie., hydrolysis with 8.0 nN H.SO, for 24 hours. 

t The sample of casein used contained 1.13 per cent tryptophane and had a total 


nitrogen value of 13.1 per cent. 


of the tryptophane! originally present in the protein can be found in the 
hydrolysate; continuation of the boiling results in rapid tryptophane de- 


! Aliquots of the acid hydrolysates were completely hydrolyzed with alkali before 
application of the analytical method for tryptophane. Low tryptophane values will 
be obtained if the colorimetric method used in this study for tryptophane estimation 
isapplied to partial hydrolysates of proteins. There isan incomplete precipitation of 
tryptophane-containing peptides by mercuric sulfate, and the chromogenic value of 
tryptophane in peptides is less than that of the free amino acid. 
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struction. The early, rapid splitting of peptide bonds of proteins by aeid 
hydrolysis has been observed by a number of investigators (22-25). 

The casein used in this investigation was an inexpensive, commercial 
product whose relatively low nitrogen content (13.1 per cent) indicated the 
presence of impurities. This product was advisedly chosen, not only be- 
cause of its availability in quantity at low cost, but also because it afforded 
an opportunity to study tryptophane preservation under the least favorable 
conditions; 7.e., in the presence of impurities which are known to favor 
tryptophane destruction. However, it is clear from the data in Tables | 


TABLE II 
Hydrolysis of Panere as Prote in and of Pumpkin Seed Globulin by Sulf 4ric Acid 


‘ Tryptophanet 
Carboxyl at 








Acid (ml Sulfuric a Amino N in Extent ial 
Protei acid con- : cot . *'S\in hydrol = | of hydrol ed 
—\y Se eeetinen period ysate pony | ysis® —— on 
‘ ysate original 
" hrs Frost Sta per cont 
Pancreas 20:1 8.0 24 76.1 84.0 100.0 0.00 0.0 
protein 10:1 1.0 3 24.3 1.8 31.9 1.05 | 79.0 
10:1 1.0 6 40.0 14.4 52.5 1.00 76.3 
10:1 2.6 3 36.0 11.4 | 47.3 0.86 | 66.0 
10:1 2.6 6 44.8 21.6 58.8 0.76 58.1 
Pumpkin 20:1 8.0 24 81.2 87.8 | 100.0 0.22 16.5 
seed 10:1 1.0 3 23.3 5.4 28.7 1.14 85.7 
globulin 10:1 1.0 6 36.5 11.8 45.0 0.93 69.8 
10:1 2.6 3 35.0 11.0 43.2 0.90 67.6 
10:1 2.6 6 44.6 17.1 55.0 0.85 63.9 
* The extent of hydrolysis is calculated in terms of the ratio of the amino nitrogen 


present in the hydrolysate to the amino nitrogen liberated by complete hydrolysis. 

+ The sample of pancreas protein as used contained 14.2 per cent nitrogen and 1.30 
per cent tryptophane; the pumpkin seed globulin had 15.1 and 1.33 per cent of nitro- 
gen and tryptophane, respectively. 


and II that, in the case of each of the three proteins studied, acid hydroly- 
sates may be obtained which represent a significant degree of protein 
splitting and yet retain more than 50 and, in some instances, as much as 
85 per cent of the tryptophane originally present in the protein.’ 

The use of sulfuric acid for hydrolysis necessitates the removal of excess 

? Similar results have also been obtained by mild acid hydrolysis of lyophilized 
horse serum and dried beef serum. The data in this paper for pancreas protein hy- 
drolysates are in satisfactory agreement with those obtained in the Sharp and Dohme 
laboratories by L. 8. Ciereszko, R. J. Westfall, and E. A. Risley who hydrolyzed 
pancreas protein under comparable conditions (private communication from Dr. L. 
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acid, conveniently with baryta or calcium hydroxide, before the hydroly- 
sates can be readied for parenteral administration. Large scale hydrolysate 
preparation therefore involves the inconvenient handling of large quantities 
of bulky, insoluble sulfate. The desirability of washing the precipitate 
thoroughly to minimize amino acid loss further lengthens the procedure. 
The influence of these undesirable features can be lessened somewhat by 
using the weaker (1.0 N) sulfuric acid. In order to circumvent completely 
these difficulties, experiments were conducted on the hydrolysis of casein 
with dilute hydrochloric acid. These hydrolysates were neutralized with 
sodium hydroxide; the concentration of acid employed was so chosen that, 
on neutralization and evaporation of the hydrolysate to dryness, a product 
was obtained with an average salt concentration of 5 to 6 per cent. There- 
fore, a 20 per cent solution of the final product represented a mixture of 
approximately 19 per cent of protein degradation products and 1 per cent 
of salt. These products were well tolerated when given rapidly in 20 per 
cent aqueous solution by vein to rats, guinea pigs, rabbits, and dogs. The 
antigenic aspects of the protein have been adequately eliminated, and the 
weak hydrochloric acid hydrolysates contain a highly significant proportion 
of the tryptophane originally present in the protein (Table I). It may be 
pointed out that with the concentration of hydrochloric acid used, maximal 
protein splitting is achieved at between 12 to 17 hours of hydrolysis. Be- 
yond this period, there is no further hydrolysis apparent, but destruction 
of tryptophane continues. 

As previously indicated, both baryta and calcium hydroxide have been 
found satisfactory for removal of excess sulfuric acid when this acid has 
been used for hydrolysis. Experience with baryta has been more exten- 
sive; the significant solubility of calcium sulfate leads to the presence of 
this salt in the final hydrolysates when calcium hydroxide has been used for 
neutralization. Removal of acid and decolorization of the hydrolysate 
may be conducted in a single step for convenience. Loss of nitrogen by 
adsorption on the insoluble sulfate and on the decolorizing carbon may be 
minimized by thorough washing of the sulfate and by employing norit A.* 
The latter decolorizing carbon has been found the most satisfactory from 
the standpoint of maximal decolorization of the hydrolysate and minimal 
nitrogen loss or destruction. This loss has been judged on the basis of the 
tryptophane and nitrogen contents of acid hydrolysates before and after 
decolorization, and a comparison of these values with those obtained by 
analysis of the final, dried partial acid hydrolysates. The tryptophane 
values obtained on these various products are in satisfactory agreement 
when norit A has been used to decolorize hydrolysates made from 8 gm. 
samples of protein. If larger quantities of protein (300 gm.) are hydro- 


’ Eimer and Amend. 
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lyzed, a loss of 1 to 3 per cent of the hydrolysate nitrogen may occur during 
removal of the insoluble barium sulfate, even though the latter is washed 
with liberal quantities of hot water. When the combined filtrates and 
washings from the barium sulfate are concentrated to dryness in vacuo, a 
residue is obtained which may be ground and sieved. The weights of the 
dried products thus obtained have varied from 82 to 95 per cent of the 
weight of protein initially taken for hydrolysis. 

The final products are light brown, hygroscopic powders, soluble in 20 
per cent concentration in either water or 10 per cent glucose solution, 
More concentrated aqueous solutions have been prepared; a slight amount 
of insoluble material, if present, may be removed by filtration. A 20 per 
cent solution of products prepared from casein has a pH of 4.0 to 5.0. 
These solutions may be adjusted to pH 7.0 with sodium hydroxide and 


Tas_e III 
Growth of Rats on Diets Containing Protein or Partial Acid Hydrolysates of Protein 
Type of dietary nitrogen a 7 Hie pany - al. a play a pm 
gm. gm gm 
Casein 1] 4.8 + 0.17" 8.2 + 0.16* | 0.58 + 0.014" 
Pumpkin seed globulin s 2.8 + 0.32 6.6 + 0.56 | 0.42 + 0.016 
Pancreas protein 19 5.9 + 0.12 10.4+0.24 | 0.57 + 0.009 
Casein acid hydrolysate 7 1.7 + 0.32 $9+0.48 | 0.35 + 0.040 
Pumpkin seed globulin acid 
hydrolysate 7 | 2.140.14 5.9+0.40 | 0.36 + 0.010 
Pancreas protein acid hy- 
drolysate - oe 2.9+0.18 | 6240.41 | 0.46+0.017 





* The values in these columns are the means and standard errors. 


sterilized by boiling. The sterile solutions have remained clear after 
standing for 3 months at room temperature. The hydrolysate solutions 
have been administered rapidly by vein in a number of species (rats, guinea 
pigs, rabbits, and dogs) without undesirable reactions. Similar tolerance 
to the hydrolysates has been observed following subcutaneous or intraperi- 
toneal administration of 10 per cent solutions in rats. 

Confirmation of the colorimetric analyses showing 50 to 85 per cent of 
the original tryptophane of the proteins as being present in the hydrolysates 
was sought in rat growth experiments. Inasmuch as the young rat requires 
an adequate daily intake of tryptophane, together with the other essential 
amino acids, as nitrogen for growth, the growth-promoting properties of 
products prepared by mild acid hydrolysis (2.6 x H.SO, for 6 hours) were 
determined. These experiments would also indicate possible other losses 
of amino acids in the course of preparation of the final hydrolysates. The 
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growth of young rats on diets whose nitrogen was derived chiefly from par- 
tial hydrolysates of casein, pancreas protein, or pumpkin seed globulin 
was compared to the growth of other animals on diets in which an equivalent 
amount of nitrogen was fed as unhydrolyzed proteins. The growth data 
are shown in Table III. Although the average daily weight gain is greater 
in rats fed diets containing the unhydrolyzed proteins than in animals in- 
gesting the hydrolysate-containing diets, the latter rations were capable 
of promoting a significant degree of growth in young rats over a 28 day 
period. These acid hydrolysates, therefore, are capable of promoting 
growth, but to a somewhat more limited degree when compared with the 
respective protems. 
EXPERIMENTAL 

Proteins Used—The casein was a commercial product.4 The pancreas 
protein was kindly furnished by Dr. L. Earle Arnow of Sharp and Dohme, 
Inc., and was prepared by a method developed in that laboratory (26). 
Pumpkin seed globulin was isolated from Cucurbita moschata, as described 
by Vickery, Smith, Hubbell, and Nolan (27). 

Preparation and Treatment of Hydrolysates—Hydrolysis of proteins was 
conducted by heating on a sand bath at boiling temperature under a reflux. 
Initiation of hydrolysis was taken as the time at which boiling of the pro- 
tein-acid mixture was first apparent. Caprylic alcohol was used to prevent 
foaming, Which was particularly evident when weaker acid concentrations 
were employed. To obtain the analytical data in Tables I and II, it was 
found convenient to use 8 gm. samples of protein for each hydrolysis ex- 
periment. At the end of the period of hydrolysis, the flask was cooled 
immediately, surrounded by an ice bath, and brought to pH 7.0 (glass 
electrode) by the slow addition of a calculated quantity of sodium hydroxide 
pellets. Vigorous stirring was maintained during the neutralization proc- 
ess. The neutralized hydrolysate was then made to a convenient volume, 
usually 200 ml., and a small amount of insoluble material removed by 
filtration with the aid of moderate suction. Suitable aliquots were taken 
for the analyses; in most instances these aliquots required further dilution 
before application of the analytical method. 

For physiological studies, larger quantities (300 to 1500 gm.) of protein 
have been subjected to partial hydrolysis with weak acid. At the end of 
the hydrolysis period, the contents of the boiling flask were diluted with 
an equal volume of water. The solution was transferred to an enamel pot, 
brought to a gentle boil, and 1 gm. of norit A added for each 6 gm. of protein 
taken for hydrolysis. Gentle heating was then continued for 30 minutes 
and the solution allowed to cool to room temperature. 


4 Lister Brothers, Inc., New York. 
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The sulfuric acid hydrolysates, after decolorization and without removal 
of the bone-coal, were stirred mechanically and somewhat less than the 
calculated quantity of powdered, commercial barium hydroxide added 
slowly with vigorous stirring. Complete precipitation of sulfate was then 
achieved by careful addition of small quantities of hot, saturated barium 
hydroxide solution. At this point, small centrifuged aliquots of the mixture 
showed no turbidity with either a drop of saturated barium hydroxide or a 
drop of dilute sulfuric acid (1 ml. of concentrated H.SO, in 100 ml. of H,0). 

The mixture was then brought to boiling, stirred with gentle heating for 
15 minutes, and the precipitate allowed to settle. The supernatant was fil- 
tered rapidly with suction through large Biichner funnels and finally the 
entire precipitate was transferred to the funnels. Washing of the precipi- 
tate was accomplished by returning the contents of the Biichner funnels 
to enamel pails and, with the aid of vigorous stirring, suspending the pre- 
cipitate in a volume of water one-third that of the original volume of acid 
used for hydrolysis of the protein. The suspension was heated for 30 
minutes with stirring, and filtered with the aid of suction. The washing 
procedure was repeated two additional times. The combined filtrate and 
washings were concentrated to dryness in vacuo at 80°. Foaming during 
distillation was minimized by keeping the volume of liquid in the distilla- 
tion flasks small and feeding the solution into the flasks at intervals. Com- 
bined filtrates and washings were concentrated to dryness. The residues 
in the distillation flasks were combined and ground in a ball mill; the ground 
product was then sieved. 

In the case of the 0.25 N hydrochloric acid hydrolysates, the mixture, 
after decolorization with norit A and without filtrdtion, was neutralized 
by the careful addition of 2 N sodium hydroxide solution to pH 7.0 
(glass electrode). After filtration and washing of the bone-coal and sedi- 
ment, the light yellow filtrate and washings were combined and concen- 
trated to dryness in vacuo. The final dry product was obtained by grinding 
and sieving as described above. 

Analytical Methods—Total nitrogen was determined by the micro- 
Kjeldahl method. The amino nitrogen determinations were performed by 
the Van Slyke nitrous acid method (28) and carboxy! nitrogen analyses by 
the ninhydrin-CO, reaction at pH 2.5 (19). Tryptophane analyses were 
conducted by the method of Folin and Ciocalteu (29), with 20 ml. aliquots 
of the acid hydrolysates of 8 gm. samples of proteins. To each 20 ml. 
aliquot, representing 0.8 gm. of the protein, were added 4 gm. of solid sodium 
hydroxide, thus giving the 20 per cent alkali concentration proposed by Folin 
and Ciocalteu (29) for alkaline hydrolysis of proteins. The alkaline aliquot 
was hydrolyzed under a reflux for 20 to 24 hours; the procedure was then 
that described by Folin and Ciocalteu (29). 
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Rat Growth Experiments—Male rats 21 days of age and of the Yale strain 
were used in the growth studies. The animals were kept in individual 
cages and received, in addition to a basal diet, a daily supplement of 400 
mg. of dried yeast’ and 200 mg. of cod liver oil. The casein basal diet con- 
tained casein 21.4, sucrose 15, Crisco 25, salts® 4, and starch 34.6 per cent. 
When a source of protein nitrogen other than casein was used in a basal 
diet, it was incorporated in the diet in an amount which supplied a quantity 
of nitrogen equivalent to that present in the basal diet containing 21.4 
per cent of commercial casein. The various basal diets, therefore, con- 
tained as a source of nitrogen either 18 per cent of pumpkin seed globulin, 22 
per cent of pancreas protein, 21.5 per cent of casein hydrolysate, 18 per cent 
of pumpkin seed globulin hydrolysate, or 22 per cent of pancreas protein 
hydrolysate.” The starch content of each of the basal diets was varied 
so that the sum of the nitrogen source and the starch in the diet totaled 
56 per cent. 

Food and water were available ad libitum; weighings pf the food con- 
sumed and of the animals were made twice weekly. Each growth study 
was conducted for a 28 day period. 


SUMMARY 


Casein, pancreas protein, and pumpkin seed globulin have been hy- 
drolyzed for relatively short periods of time with 1.0, 2.6, and 5.5 N sulfuric 
acid. The hydrolysates have been analyzed for their amino nitrogen, 
carboxyl nitrogen, and tryptophane contents, making possible a correlation 
of the degree of hydrolysis and tryptophane destruction. Hydrolysis of 
the proteins with 2.6 N sulfuric acid for 6 hours liberates approximately 
50 per cent of the potentially available total amino nitrogen of the proteins. 
Tryptophane analyses indicate that under these conditions approximately 
65 per cent of the tryptophane originally present in the proteins is not 
destroyed. Partial acid hydrolysates of proteins with a higher content 
of tryptophane may be obtained by either shortening the period of hydroly- 
sis or decreasing the sulfuric acid concentration. The presence in the 
hydrolysates of adequate tryptophane for rat nutrition has been demon- 
strated by rat growth studies. 

Sulfuric acid has been removed from these hydrolysates and final, dry 
products obtained which, in 20 per cent solution, have been administered 
rapidly by vein in rats, guinea pigs, rabbits, and dogs with no undesirable 


' Northwestern Yeast Company, Chicago, Illinois. 

*Osborne and Mendel salt mixture (30). 

’ The acid hydrolysates used in the growth studies were the final, dried products 
prepared from the respective proteins by hydrolysis for 6 hours with 2.6 n H.SO,. 
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reactions. 10 per cent solutions have been given subcutaneously and 
intraperitoneally in rats. 

Data are also presented for the partial hydrolysis of casein with 0.25 
N hydrochloric acid. Neutralization with sodium hydroxide leads to fina] 
dry products with a salt concentration of 5 to 6 per cent, making it possible 
to administer 20 per cent solutions of this product by vein. 
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A COLORIMETRIC DETERMINATION OF BLOOD ACETOIN* 


By W. W. WESTERFELDt 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, September 11, 1945) 


Most of the methods described for the determination of acetoin and 
biacetyl are based on the original Lemoigne-van Niel procedure (1, 2), 
which depends upon the formation of insoluble nickel dimethylglyoxime 
when biacetyl is treated with hydroxylamine in the presence of a nickel salt ; 
acetoin is similarly determined after oxidation to biacetyl by heating with 
ferric chloride. In a recent modification Stotz and Raborg (3) have em- 
ployed a colorimetric determination of the nickel in the precipitate instead 
of the usual gravimetric analysis, and the sensitivity of the method has 
thereby been greatly increased. A polarographic method for the determi- 
nation of acetoin and biacetyl has also been described by Greenberg (4). 

The method herein described was developed because none of the previous 
methods was sufficiently sensitive for our purpose; its chief advantages are 
simplicity and sensitivity. It is based on the color reaction originally dis- 
covered by Voges and Proskauer (5), and later shown by Harden and 
Norris (6, 7) to be due to the reaction between biacetyl and a guanidino 
group in the presence of alkali. Attempts to increase the sensitivity of this 
reaction led to the addition of creatine by O’Meara (8) and a-naphthol by 
Barritt (9). While the original Voges-Proskauer reaction could not be 
developed into a satisfactory quantitative method, the Barritt modification 
was found to be suitable. In this laboratory it was first tried by W. E. 
Knox, and a similar method has recently been described by Eggleton et al. 
(10). The chemical reactions involved in the development of the red color 
have been studied (10-12) but not fully elucidated. 

Details of the procedure for color development and the method for deter- 
mining acetoin in blood are described. 


Colorimetric Determination of Acetoin and Biacetyl 


Reagents— 

0.5 per cent creatine; 1 gm. of creatine dissolved in 200 cc. of water. 

5 per cent a-naphthol; 1 gm. of powdered colorless a-naphthol (redistilled 
under nitrogen) dissolved in 20 cc. of 2.5 N NaOH. The solution is pre- 
pared immediately before using. 

Method—To 5 cc. of solution containing between 1 and 12 y of acetoin or 


* This study was supported by a grant from the Nutrition Foundation, Inc. 
t Present address, Syracuse University College of Medicine, Syracuse, New York. 
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biacetyl are added consecutively 1 ce. of 0.5 per cent creatine and 1 ec, of 
the 5 per cent a-naphthol solution. The latter reagent should not be pre- 
pared until after the creatine has been added to the test solution, and it js 
used as soon as the a-naphthol dissolves. The color is allowed to develop 
at room temperature for exactly 10 minutes when biacetyl is being deter- 
mined, and 1 hour for the determination of acetoin. The amount of color 
is then read in an Evelyn photoelectric colorimeter with a 540 filter; a 
reagent blank prepared simultaneously with 5 cc. of water is used to adjust 
the galvanometer to 100, and a standard solution containing 5 y of acetoin 
or biacetyl can be included in each series of analysis. 

The colors obtained by this method were reproducible but somewhat 
unstable. The maximum color was obtained with biacetyl between 5 and 
10 minutes after the addition of the alkaline a-naphthol; fading was barely 
perceptible on the galvanometer at 15 minutes, and it amounted to a 10 per 
cent error at 30 minutes. The color obtained with acetoin was more stable; 
the maximum intensity was reached in 60 minutes after the addition of the 
alkaline a-naphthol; fading could not be detected at 75 minutes, and was 
barely perceptible at 90 minutes. The absorption spectra of the colors 
obtained with biacetyl and acetoin were quite similar. The peak of ab- 
sorption occurred at 530 mu, and both curves were relatively flat between 
520 and 540 mz. 

Maximum color was obtained with creatine, but other compounds con- 
taining the guanidino group (arginine, creatinine, guanidine carbonate, 
methylguanidine sulfate) gave similar colors in the presence of biacetyl, 
a-naphthol, and alkali. a-Naphthol could not be replaced advantageously 
by any one of a large number of substances tested,-and it was without effect 
if added to the test solution of creatine and biacetyl after the alkali. 

It was found convenient, but not essential, to dissolve the a-naphthol in 
the alkali under a stream of nitrogen, since the reagent became colored 
readily in air. Only freshly prepared reagent, containing no more than a 
faint yellow color, was used. Less consistent results were obtained when 
the a-naphthol was dissolved in 95 per cent alcohol and added separately 
from the alkali. 

Standard Curves—A standard solution of biacetyl containing approxi- 
mately 1 mg. per cc. was prepared from the fraction boiling sharply at 88°. 
A similar solution of acetoin was prepared from the crystalline polymer" 
that was equally well purified by thorough washing with anhydrous ether 
or by fractional distillation. Both standards remained unchanged ior 
several months at 6°, after which the biacetyl solution deteriorated. 

Suitable dilutions were prepared from each of these standards, so that 5 


' The acetoin and biacetyl were obtained from the Lucidol Corporation, Buffalo, 
New York. 
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ee. contained from 1 to 12 y of acetoin or biacetyl. Colors were developed 
in a series of such dilutions and read against the reagent blank in the photo- 
electric colorimeter after 10 minutes for the biacety] determination. and 1 
hour for acetoin. The standard curves for both acetoin and biacety], shown 
in Fig. 1, were linear for amounts of acetoin and biacetyl below 5 to 6 vy, 
but departed slightly from this relationship with larger amounts. 


Oxidation of Acetoin to Biacetyl 


Reagents 

FeSO,-7 H2O (solid). 

50 per cent FeCl;-6 H,O; 500 gm. of FeCl;-6 H,O dissolved in water and 
diluted to 1 liter. 

10 N H.SO,; 280 ec. of concentrated H,SO, diluted to 1 liter. 
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Fic. 1. The relationship of color intensity at 540 mz to the amount of biacetyl or 
acetoin tested. 


When acetoin cannot be determined directly because of interfering sub- 
stances, a preliminary oxidation to biacetyl and distillation of the latter 
can be employed; smaller amounts can also be determined by this procedure, 
since the biacetyl can be concentrated during the distillation. The deter- 
mination of total acetoin plus biacetyl in mixtures of the two likewise de- 
pends upon this preliminary oxidation. 

The usual method of carrying out this oxidation with ferrie chloride gave 
85 to 90 per cent of the theoretical amount of biacetyl; this has been the 
common experience (13-15). By using a mixture of ferric chloride and 
ferrous sulfate, as suggested by Kniphorst and Kruisheer (15), the yields 
were substantially improved, and the following method was adopted. 

The oxidizing reagent is prepared by dissolving 10 gm. of FeSOQ,-7 H,O 
in 30 ce. of 50 per cent FeCl;. 2 ec. of this solution and 1 ec. of 10 N H»SO, 
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are added to 7 cc. of the acetoin-containing solution. The tube is stop- 
pered lightly with a clean rubber stopper and placed in a boiling water bath 
for 30 seconds to relieve excessive pressure before the stopper is inserted 
tightly. After heating for 30 minutes in a boiling water bath, the tube is 
cooled and the contents rinsed into a small distillation flask described by 
Stotz (16). A glass bead is added and the solution distilled carefully to 
avoid obtaining any trace of iron salt in the distillate by bumping or spray- 
ing. 5 cc. of distillate are collected in a 10 cc. graduated cylinder, and the 
contents made up to 5.5 or 10 ce., depending upon the amount of biacetyl 
expected. The color reaction for biacety! is carried out with 5 cc. of this 


solution or an aliquot diluted to 5 ec. 


TaBLe | 
Oxidation Of 4 Acetoin to Biacetyl 


Biacety! in aliquot analyzed 
Acetoin oxidized : : — saaciiiilansll Recovery 


Recovered _Bheory 
7 | Y 7 per cent 
2 1.82 1.78 102 
} 3.66 3.56 103 
6 5.22 5.34 9S 
S 6.86 7.12 96 
10 8.72 8.90 9S 
15 7.20 7.34 9S 
25 1.83 {.89 99 
35 6.67 6.84 9S 
50 4.60 $.89 94 
80 7.50 7.83 96 
100 9.35 9.78 96 
140 5.30 5.48 97 
250 4.87 t.89 100 
500 4.83 4.89 99 


The recovery of biacetyl from the oxidation of acetoin by this method is 
shown in Table I. 98 per cent of the theoretical amount was obtained from 
2 to 500 y of acetoin; larger amounts were not tested. 

Specificity—The original Voges-Proskauer reaction is nearly specific for 
acetoin and biacetyl. The related 5-carbon ketol gives a somewhat similar 
color, while the 6-carbon ketol gives a light olive-green color within the 
usual time limit employed (17). In the test herein described, approxi- 
mately 90 y of methylglyoxal gave as much color as 1 y of biacetyl, while 1 
mg. of glyoxal gave no color. 1 mg. of benzil and benzoin in alcohol gave a 
slight color equivalent to approximately 1 y of biacetyl and 0.5 y of acetoin 


respectively. 
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The nickel dimethylglyoxime precipitation is probably more specific for 
biacetyl than this color reaction. 1.8 mg. of methylglyoxal gave no pre- 
cipitate in the procedure described by Stotz and Raborg (3). The introduc- 
tion of a-naphthol into the reaction also increases the possibility of obtaining 
colors from unrelated substances that react with the a-naphthol alone. 
Such interference, as yet unknown, could readily be detected by omitting 
the creatine from the test. 


Blood Acetoin « 


Method of Determination—aA 1:5 tungstic acid filtrate of blood is prepared 
by adding 2 volumes of water, 1 volume of blood, 1 volume of 10 per cent 


TaBue II 
Recovery of Acetoin Added to Blood 





Acetoin added 1 cc. blood 5 cc. blood 25 cc. blood 
x Y per cent per cent per cent 
] 101 95 
2 100 92 
3 105 96 
5 102 | 95 92 
7 102 89 
10 100 | 93 88 
15 97 97 85 
25 06 95 
50 96 98 
100 95 101 
250 97 100 
500 95 99 





The acetoin was added to the water with which the blood was laked during the 
preparation of a protein-free filtrate. The filtrate was analyzed for acetoin by the 
method described. The percentage recovery includes a correction for the 0.012 to 
0.015 mg. per cent of acetoin found in the blood to which the acetoin was added. 


sodium tungstate, and 1 volume of § N H.SO,; the precipitate is centrifuged 
off. An aliquot of the supernatant is added to solid NaCl (1 gm. per 3 cc.) 
and distilled from a Claisen flask practically to dryness in vacuo (150 to 200 
mm. of Hg). The distillate is oxidized as previously described by adding 
approximately 2 cc. of the FeCl;-FeSO, mixture and 1 ec. of 10 N H2SO, to 
each 7 cc. of distillate, and heating in a stoppered tube for 30 minutes. The 
solution is then redistilled, and the biacetyl is collected in the first 5 cc. of 
distillate and estimated colorimetrically. 

The recoveries of added acetoin obtained by this procedure are shown in 
Table II. For the accurate analysis of the amount of acetoin occurring in 
normal blood it is necessary to use the maximum amount of filtrate that can 
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be obtained from a relatively large sample of blood, e.g. 15 to 25 cc. When 
the blood acetoin is elevated slightly, a satisfactory analysis can be run on 
the filtrate obtained from 5 ec. of blood. 

In developing this method for the determination of acetoin in blood, 
various procedures were tested for the completeness of recovery of added 
acetoin, and were accordingly developed further or discarded. Direct color 
development with a tungstic acid or zine hydroxide filtrate of blood could 
not be employed because of the appearance of a yellow-brown color during 
the reaction. When the blood filtrate was oxidized directly with the iron 
salts previously described and the biacetyl obtained in the distillate was 
determined colorimetrically, low recoveries were obtained. This was due 
primarily to the presence of urea in the blood filtrate; urea reacted with the 
biacetyl, resulting from the oxidation of acetoin, to form a diureide (18, 19). 
In order to avoid this type of interference by urea (and to a lesser extent by 


TaBLe III 


Formation of P-acetyl from Glucose by Acid Hydrolysis and Subsequent Oxidation 


} 
Biacety! formed 
Heating prior to oxidation 


1.2 nN HeSO« 2.2 n HeSOy 4.2 N HeSO, 
hrs Y Y 7 
0.5 0.44 0.97 3.14 
] 0.82 1.87 1.35 
2 1.638 3.89 8.30 


9 mg. of glucose in approximately 15 cc. of the indicated acid were heated ina 
stoppered tube in boiling water for the indicated time. After cooling and adding 4 
ec. of the FeCl;-FeSO, solution, the tube was restoppered and heated an additional 
30 minutes. The biacetyl was then distilled and determined colorimetrically. 


uric acid and allantoin) the acetoin was first distilled from the filtrate and 
subsequently oxidized to biacetyl for the purpose of concentrating the 
latter. 

Artifacts in Acetoin Analyses—During the studies incidental to develop- 
ing the method for determining blood acetoin, it was observed that rela- 
tively large amounts of biacetyl could be obtained from a blood filtrate by 
subjecting the latter to an acid hydrolysis prior to oxidation with the FeCl;- 
FeSO, mixture. Most of this newly formed biacetyl was found to be 
derived from glucose, and was unrelated to the preexisting blood acetoin. 
Although the existence of a bound form of acetoin in blood cannot be denied 
categorically, its existence in appreciable amounts is unlikely, since neither 
the blood filtrate nor glucose gave rise to any large amount of biacetyl when 
the oxidizing mixture of FeCl;-FeSO, was present throughout the hydrolysis. 

Table III shows the amount of biacetyl formed from crystalline glucose 
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under various conditions of acid hydrolysis and subsequent oxidation with 
the iron salts. The identity of the biacetyl formed from glucose was estab- 
lished by the following experiments. (a) No color was obtained in the 
biacety] analysis if either creatine or a-naphthol was omitted from the 
reaction (the small amounts of biacetyl tested could not give a Voges- 
Proskauer reaction in the absence of a-naphthol). (b) 750 y of biacetyl 
were obtained by heating 1 gm. of glucose in 50 ec, of 10 N H.SO, for 6 hours, 
diluting, and oxidizing with the FeCl;-FeSO, solution; the biacetyl was 
concentrated to a 5 ce. volume by two distillations, and a copious red pre- 
cipitate characteristic of nickel dimethylglyoxime was obtained when this 
solution was treated with hydroxylamine in the presence of a nickel salt (3). 
(c) 960 y of biacetyl were similarly obtained after heating 1 gm. of glucose 
in 200 ce. of 4 N H.SO, for 64 hours, and the concentrated solution of 
biacety] was allowed to react with 2,4-dinitrophenylhydrazine in 2 N HCl. 
The precipitate was centrifuged, washed with water and alcohol, and recrys- 
tallized from nitrobenzene. The crystals were identical with the bis-2,4- 
dinitrophenylhydrazone of biacety] in appearance and melting point (315°), 
and showed no depression on mixing with an authentic sample. 

Pyruvate and lactate gave rise to small amounts of biacetyl when they 
were treated by the procedure used in oxidizing acetoin to biacetyl. A 
solution of 100 mg. of sodium pyruvate in 7 ec. of water, 1 cc. of 10 N 
H.SO,, and 2 ce. of the FeCl;-FeSO, mixture was heated in a stoppered tube 
for 1 hour and then distilled; 75 y of biacetyl were obtained in the distillate, 
and its identity substantiated by conversion to the red precipitate charac- 
teristic of nickel dimethylglyoxime. A similar treatment of 100 mg. of 
lactic acid yielded 2.4 y of biacetyl, while 100 mg. of alanine gave none. 

The preliminary distillation of acetoin from the blood filtrate was neces- 
sary in order to eliminate interference by substances that combined with 
biacetyl, as well as those that gave rise to it during the chemical reactions 
incidental to its determination. We cannot be certain that the small 
amount of acetoin found normally in blood was not an artifact due to the 
distillation of some other substance that gave biacetyl when treated with 
acid FeCl,-FeSO;. That the chromogenic material obtained from blood was 
actually biacety] was indicated by the absence of color when creatine or 
a-napnthol was omitted from the test, and the formation of the characteris- 
tie red precipitate when the biacetyl obtained from 680 ce. of beef blood 
was treated with hydroxylamine and a nickel salt. Enrichment of the blood 
with 10 mg. per cent of sodium pyruvate, 10 mg. per cent of acetaldehyde, 
300 mg. per cent of glucose, or 200 mg. per cent of aleohol did not alter the 
amount of biacety! obtained in the analysis. 

It is probable from these studies that the major part of the acetoin pre- 
viously identified in normal blood (20) was actually formed from some other 
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constituent, such as pyruvate, during the chemical reactions involved in the 
isolation procedure. The relatively large amount of acetoin previously 
reported (21) in normal blood is undoubtedly an artifact for the ‘same 
reason. 

Normal Blood Acetoin—The acetoin concentration in freshly drawn blood 
from the rat, dog, cat, fasted rabbit, pig, and cow varied from 0.005 to 0.015 
mg. per cent, with most of the values falling between 0.007 and 0.012 mg, 
percent. Pigeon blood averaged about 0.03 mg. per cent. The concentra- 
tion of acetoin in beef plasma was approximately 80 per cent of that ob- 
served in whole blood; when the acetoin concentration was elevated to 
0.365 mg. per cent in rat blood by the administration of acetaldehyde, the 
plasma contained 0.413 mg. per cent. 


SUMMARY 


A method has been described for the colorimetric determination of ace- 
toin in blood. Possible interference from several constituents of normal 
blood was described. 

The normal blood concentration of acetoin in most of the species studied 
was approximately 0.01 mg. per cent. 
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THE METABOLISM OF ACETALDEHYDE* 
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It is relatively certain that the first step in the metabolism of ethyl 
alcohol is an oxidation to acetaldehyde (1). The only known enzyme that 
will attack aleohol is the aleohol dehydrogenase which converts it to 
acetaldehyde. ‘This enzyme is located almost exclusively in the liver, 
and there is abundant evidence from perfusion studies and liver poisoning 
that the liver is the principal organ in the body capable of the initial oxi- 
dation of aleohol. Moreover the blood acetaldehyde is appreciably eleva- 
ted in some species during alcohol metabolism (2). 

The immediate fate of the acetaldehyde so produced is unknown. Stud- 
ies in vitro have shown that there exist in animal tissues at least four or 
five different enzymes capable of utilizing acetaldehyde as a substrate. 
These enzymes are the following (3, 4): (1) Xanthine oxidase (Schardinger 
enzyme), a flavoprotein that not only oxidizes coenzyme I and certain 
purines but is also capable of converting acetaldehyde to acetic acid with 
a direct utilization of oxygen. It is located primarily in the liver, but is 
also found in the red blood cells and milk of some species. Another flavo- 
protein found in liver, the aldehyde oxidase, is similar to the Schardinger 
enzyme, but its action is limited to aldehydes. (2) Aldehyde mutase, 
classically defined as an enzyme that converts 2 moles of acetaldehyde to 
| mole of alcohol and 1 mole of acetic acid. However, since diphospho- 
pyridine nucleotide (coenzyme I) acts as a hydrogen carrier in this reaction, 
the oxidation-reduction is not limited to a reaction between 2 moles of 
acetaldehyde, but preferentially takes place with 1 mole of acetaldehyde 
and | mole of another substrate (e.g. pyruvate) acting as the hydrogen 
acceptor. The result of this type of coupled reaction would be the oxida- 
tion of acetaldehyde to acetic acid and the reduction of pyruvate to lactate. 
This enzyme is localized primarily in the liver in animal tissues, but is 
also found in yeast and bacteria. (3) Aldolase, an enzyme found in 
muscle and yeast that splits fructose diphosphate into triose phosphates; 
the reaction is reversible and the enzyme is also capable of recombining 
aldehydes, such as acetaldehyde, with the dihydroxyacetone phosphate, 
to form in this case a methyl tetrose phosphate. The possible significance 
of this enzyme and this type of reaction in the ultimate fate of acetaldehyde 
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is obscure. (4) Animal carboxylase, a diphosphothiamine enzyme, widely 
distributed in animal tissues and abundant in muscles, that condenses 
acetaldehyde with pyruvate to form acetoin. 

Theoretically in the intact animal all of these enzymes could be jp- 
volved in the metabolism of acetaldehyde, and there is always the possibj- 
lity that acetaldehyde enters into reactions not yet discovered. Of the 
known possibilities studied in vivo itis improbable that the classical mutase 
action (conversion of 2 moles of acetaldehyde to 1 mole of alcohol and | 
mole of acetic acid) plays any major réle in the metabolism of acetaldehyde, 
since alcohol is not formed during the metabolism of acetaldehyde (5), 

The studies herein described were carried out to determine the relative 
importance of the acetoin pathway in the metabolism of acetaldehyde. 
Since the xanthine-aldehyde oxidase and aldehyde mutase are found 
primarily in the liver, while the aldolase and carboxylase are abundant in 
muscles, the importance of the liver in the metabolism of acetaldehyde 
was determined following the removal of various organs; it was found 
that the liver plays a very important réle in acetaldehyde metabolism. 
The metabolism of acetaldehyde during thiamine deficiency was also 
studied since only the acetoin-forming enzyme is known to be a diphos- 
phothiamine protein; the rate of acetaldehyde metabolism was affected 
only slightly. ‘Therefore acetoin does not appear to be the major product 
of acetaldehyde metabolism. 


EXPERIMENTAL 
Methods 


Cats were anesthetized by intraperitoneal injection of 0.7 cc. of dial! 
per kilo, and 1 to 2 ec. of heparin® was injected into the exposed femoral 
vein before a glass cannula was inserted into the carotid artery. Blood 
samples were removed from the carotid cannula, after a small “wash-out” 
fraction was discarded and the cannula was attached to a mercury manom- 
eter for recording blood pressure. The arterial pressure was maintained 
above at least 80 mm. of Hg throughout most of the experiments by 
transfusion with normal cat blood when necessary. 

A 1:5 tungstic acid filtrate was prepared immediately from each 5 ce. of 
blood sample (oxalated), and the precipitate was removed by centrifuging. 
All manipulations were carried out rapidly in stoppered vessels in an ice 
bath. Each protein-free filtrate was analyzed for acetaldehyde (2) and 
acetoin (6). A control blood sample was removed prior to the injection 
of 2 ce. per kilo of a 2 per cent solution (by weight) of acetaldehyde in 09 

‘The dial contained 0.1 gm. of diallylbarbiturie acid, 0.4 gm. of urethane, and 04 
gm. of monoethylurea per cc. 

* Lilly, 10 mg. of sodium heparin per ce. 
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per cent saline into the femoral vein over exactly 5 minutes, and additional 
blood samples were taken at 3, 5, 10, 15, 20, and usually 30 minutes after 
completing the acetaldehyde injection. 

Various abdominal organs were removed by standard surgical pro- 
cedures (7), and the weight of each animal was corrected for the removed 
viscera. The operations included nephrectomy, nephro-hepatectomy, 
and total and partial evisceration. In partial evisceration the stomach, 
intestines, spleen, and pancreas were removed; the liver and kidneys were 
also removed in total evisceration. Operations involving removal of the 
liver were carried out essentially by the method of Markowitz (7), in 
which that portion of the vena cava passing through the liver was sup- 
planted by a glass cannula. Heparin was used in all experiments to 
maintain standardized conditions, but was primarily useful in avoiding 
clotting in those experiments in which a cannula was inserted in the 
abdominal vena cava. 

High levels of blood acetaldehyde were fatal in the absence of artificial 
respiration, and the latter was supplied when necessary through a tracheal 
cannula during the first 5 to 10 critical minutes of the experiment. Arrtifi- 
cial respiration was used in the studies on eviscerated and hepatectomized 
animals as well as in normal cats when twice the usual dose of acetaldehyde 
was administered. Liverless animals were also given hourly 10 ec. per 
kilo of 10 per cent glucose in saline intravenously. 


Results of Organ Removal 


The rate of disappearance of the blood acetaldehyde in normal cats and 
after the removal of various organs is shown in Fig. 1; the corresponding 
changes in blood acetoin are shown in Fig. 2. These curves represent the 
average of the results obtained in two normal, two nephrectomized, three 
nephro-hepatectomized, four totally eviscerated, and two partially eviscer- 
ated cats; individual curves within each group were consistently close 
to the average result shown. 

Comparison of these curves (Fig. 1) shows that the rate of acetaldehyde 
metabolism was appreciably slowed only when the liver was excluded. 
Removal of the kidneys alone had only a slight effect, while removal of 
both the kidneys and the liver greatly retarded the rate of disappearance 
of the blood acetaldehyde. Similarly the effect of partial evisceration was 
small, even though the portal circulation to the liver was eliminated, while 
the additional removal of the kidneys and the liver in total evisceration 
gave the maximum slowing of acetaldehyde metabolism that was observed. 
A single experiment in a depancreatized cat that had been operated on 11 
days previously and deprived of insulin for 72 hours yielded results similar 
to those obtained in the nephrectomized animals. 
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The formation and disappearance of blood acetoin (Fig. 2) roughly 
paralleled the blood acetaldehyde level. In the normal animal the blood 
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Fic. 1. Blood acetaldehyde disappearance in cats after removal of various organs. 
40 mg. of acetaldehyde per kilo were injected intravenously during the 5 minutes im- 
mediately preceding 0 time. J, intact normal cat; PE, partial evisceration; N, 
nenhrectomy; NH, nephro-hepatectomy; £, total evisceration. 
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Fic. 2. Blood acetoin changes after acetaldehyde administration to cats deprived 
of various organs. For explanation of the symbols, see Fig. 1. 


acetoin was increased from the control value of 0.015 mg. per cent to 
about 0.03 mg. per cent at the 3 minute point. With a slightly elevated 
blood acetaldehyde, as in the nephrectomized and partially eviscerated 
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animal, the corresponding blood acetoin was 0.08 to 0.09 mg. per cent. 
The absence of the liver in both the nephro-hepatectomized and totally 
eviscerated preparation led to a marked and prolonged elevation of the 
blood acetoin. This could have been due to the prolonged elevation of 
blood acetaldehyde in these experiments, a slower rate of removal of 
gcetoin in the absence of the liver, or the diversion of a larger proportion of 
the acetaldehyde through the acetoin pathway. 

The effect of an elevated blood acetaldehyde per se on the acetoin curve 
was determined in three normal cats by injecting twice the usual dose, 
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Fic. 3. Blood acetaldehyde and acetoin changes following a large dose of acetal- 
dehyde. Curves Cl and C2, blood acetaldehyde and acetoin respectively in normal 
eats following the intravenous administration of 80 mg. of acetaldehyde per kilo 
during the 5 minutes immediately preceding 0 time. Curves El and E2, blood acetal- 
dehyde and acetoin respectively in eviscerated cats following the administration of 
40 mg. of acetaldehyde per kilo (same curves as are shown in Figs. 1 and 2). 
ie. 4ec. per kilo of 2 per cent acetaldehyde, over the usual 5 minute 
period. Curves for blood acetaldehyde and acetoin are shown in Fig. 3 
for comparison with the results previously observed in eviscerated animals. 
Since the blood acetaldehyde curves in the two experiments are approxi- 
mately equivalent, while the acetoin curves are markedly different, it is 
apparent that the elevated acetoin curves in the hepatectomized animals 
did not result from an elevated blood acetaldehyde per se. 

A direct study of the réle of the liver in acetoin metabolism was made by 
following the disappearance of acetoin injected intravenously into two 
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normal, two nephrectomized, and two nephro-hepatectomized cats. The 
experiments were conducted as previously described except that 0.4 ¢e, 
per kilo of 5 per cent dl-acetoin instead of the acetaldehyde was injected 
into the femoral vein over 2 minutes. The average results, illustrated jp 
Fig. 4, indicate a delayed metabolism of acetoin in the absence of the liver, 
but the effect is not great. It is therefore concluded that in the absence 
of the liver a larger proportion of administered acetaldehyde is metab. 
olized via the acetoin pathway. 

The control blood samples removed after anesthetization and prior to 
the injection of acetaldehyde or acetoin contained an average of 0.44 mg. 
per cent of acetaldehyde and 0.015 mg. per cent of acetoin. The latter 
figure wads within the normal range (6) but the normal blood acetaldehyde 
of 0.02 to 0.05 mg. per cent was elevated by the dial anesthesia. Ether 
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Fic. 4. Disappearance of blood acetoin in the absence of various organs. 20 mg 


of dl-acetoin per kilo were injected intravenously into cats during the 2 minutes | 


immediately preceding 0 time. J, intact normal cat; \, nephrectomy; NH, nephro- 


hepatectomy. 


and nembutal anesthesia did not increase the blood acetaldehyde above 
0.03 mg. per cent, and the effect of the dial was attributed to the meta- 


bolic formation of acetaldehyde from the urethane and monoethylurea | 


contained therein. 
Excretion of Acetaldehyde—The acetaldehyde excreted in the expired 


air during its administration and for 30 minutes afterward was measured | 


in several of the experiments previously described by trapping it in bi- 
sulfite and estimating it colorimetrically. The absorption of acetaldehyde 
in the bisulfite trap was proved to be complete by a test run in which 5 mg. 
of acetaldehyde were aerated from a solution at 37° for 3 hour by the arti- 
ficial respiration apparatus. Normal cats given the usual dose of 40 mg. 
of acetaldehyde per kilo over 5 minutes excreted about 2.5 per cent in the 
expired air; totally eviscerated cats excreted about 3.5 per cent. Since the 
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injected acetaldehyde had largely disappeared from the blood by the end 
of the experiment, the disappearance curves represent metabolism rather 
than excretion. The minor difference in acetaldehyde disappearance 
after nephrectomy indicates a negligible urinary excretion, and Briggs 
(8) found only a small amount of administered acetaldehyde excreted by 
the lungs or kidneys. 

Thiamine Deficiency—Acetaldehyde metabolism was studied in four 
thiamine-deficient cats (9) prepared by feeding ad libitum autoclaved 
Wilson’s dog food* supplemented with weekly injections of 1 mg. of panto- 
thenic acid and pyridoxine. A loss of 30 to 40 per cent of body weight 
occurred during the dietary period of 28 to 42 days before the deficiency 
symptoms of ataxic gait or complete paralysis appeared. At this point 
of relatively severe thiamine deficiency the acetaldehyde was injected and 
studied under the conditions previously described. 

The average results obtained for blood acetaldehyde and acetoin in 
these thiamine experiments are shown in Fig. 5. Comparison with Figs. 1 
and 2 shows that acetaldehyde metabolism was not appreciably delayed 
during thiamine deficiency (e.g. equivalent to nephrectomy). The acetoin 
formation, as reflected by blood levels, was curtailed but not eliminated; 
blood acetoin rose to about 0.03 mg. per cent, whereas a level of 0.08 to 
0.09 mg. per cent would have been predicted from the blood acetaldehyde 
curve. 

Acetaldehyde metabolism was also studied in a thiamine-deficient dog 
produced by forcibly feeding a synthetic diet (10) for 70 days. At the 
time the first experiment was run the animal had lost 15 per cent of its 
body weight and showed the severe thiamine deficiency symptoms of 
paralysis and convulsive seizures. The dog was anesthetized with nem- 
butal, and 2.5 ec. of 4 per cent acetaldehyde in saline per kilo were injected 
into a superficial leg vein over 5 minutes. Blood samples were removed 
from the jugular vein at the usual intervals and treated as previously 
described. The experiment was repeated after 2 weeks, during which the 
dog received the same diet supplemented with injections of 10 mg. of 
thiamine daily; the deficiency symptoms disappeared completely within 
6 days of treatment. 

Curves for blood acetaldehyde and acetoin in this dog are shown in 
Fig. 6. During the thiamine deficiency the rate of acetaldehyde disap- 
pearance was slowed somewhat, and the acetoin formation, as reflected 
by blood levels, was practically abolished. Normal curves were obtained 
after 2 weeks of thiamine treatment. The magnitude of the difference in 
acetaldehyde metabolism observed in the dog during and after thiamine 
deficiency was similar to that previously noted between normal and thia- 


*Wilson’s Ideal Dog Food wetted and autoclaved for 6 hours at 15 pounds. 
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mine-deficient cats. Both series of experiments indicate a minor rdéle of 
the acetoin-forming mechanism in acetaldehyde metabolism, since the 





former could be seriéusly curtailed without appreciably affecting the 
latter. 
The effect of inanition was studied in a dog in a similar series of ex- 


periments during a 30 day fast. There was a slight but insignificant delay 


in the rate of acetaldehyde disappearance; however, the blood acetoin did 
not increase quite as much during fasting, the corresponding values at 
the 3 minute point being 0.11fand 0.17 mg. per cent of acetoin. The 
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Fig. 5. Blood acetaldehyde and acetoin changes after acetaldehyde administration 
to cats during thiamine deficiency. 40 mg. of acetaldehyde per kilo were injected 
intravenously during the 5 minutes immediately preceding 0 time. Curve 1, blood 
acetaldehyde; Curve 2, blood acetoin in mg. per cent. 

Fic. 6. Blood acetaldehyde and acetoin changes following acetaldehyde admin- 
istration to a dog during and after thiamine deficiency. 100 mg. of acetaldehyde per 
kilo were injected intravenously during the 5 minutes immediately preceding 0 time. 
Curves Dl and D2, blood acetaldehyde and acetoin curves in mg. per cent during 
thiamine deficiency; Curves Tl and T2, the same after 2 weeks treatment with 
thiamine. 


effects observed during thiamine deficiency were appreciably greater than 
those caused by inanition alone. 

Acetoin Formation—Acetaldehyde was the only substance tested whose 
administration increased the blood acetoin. This effect was observed in 4 
variety of species, and the average results obtained in unanesthetized 
rats following the intraperitoneal injection of 200 mg. of acetaldehyde per 
kilo were almost identical with the curves shown in Fig. 3 for the normal 
eats. No significant increase in the blood acetoin was observed in rats 
or dogs following the administration of glucose, insulin, glucose plus 
insulin, alcohol, pyruvate, or alcohol plus pyruvate. 
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DISCUSSION 


Acetoin is formed from administered acetaldehyde by a variety of species, 
but the reaction does not appear to be of major significance in the 
metabolism of acetaldehyde. The eviscerated preparation metabolizes 
acetaldehyde very slowly, compared with metabolism in the normal animal; 
yet the muscles are a good source of the acetoin-forming enzyme. If a 
major part of the acetaldehyde were converted to acetoin in the intact 
animal, the muscles would be expected to play an important réle in this 
process. Instead it appears that the muscles form large amounts of acetoin 
from the acetaldehyde only when another pathway, localized primarily 
in the liver, is excluded. 

It is possible that in the intact animal the liver also forms acetoin from 
the acetaldehyde, and further metabolizes it at a rate that prevents its 
accumulation. This seems unlikely, since the hepatectomy studies did 
not indicate an especially important réle of the liver in acetoin metabolism. 
Moreover the studies during thiamine deficiency showed that the rate of 
acetaldehyde metabolism was not appreciably retarded even when the 
acetoin formation was seriously curtailed. 

This combination of results seems fairly conclusive in indicating that 
acetoin is not a major product of acetaldehyde metabolism in the intact 
animal. We have no reason to believe that the metabolism of small 
amounts of acetaldehyde formed continuously during alcohol metabolism 
would be appreciably different from that observed when acetaldehyde is 
administered, and it can therefore be assumed that acetoin is not a major 
product of aleohol metabolism. 

The evidence further indicates that the aldolase enzyme is not an im- 
portant factor in acetaldehyde metabolism, since the principal reaction 
occurs in the liver: Both of the known enzymes abundant in liver convert 
acetaldehyde to acetic acid, and in a choice between the mechanism me- 
diated by the flavoprotein or the diphosphopyridine nucleotide enzyme the 
latter is favored because of the increased blood lactate (11, 12) following 
acetaldehyde administration. This suggests a coupled oxidation-reduction 
reaction between acetaldehyde and pyruvate. 


SUMMARY 


The disappearance of administered acetaldehyde and the corresponding 
changes in blood acetoin were studied in cats after nephrectomy, nephro- 
hepatectomy, and total and partial evisceration. The rate of acetaldehyde 
metabolism was appreciably slowed only when the liver was removed. 
The level of blood acetoin roughly paralleled that of blood acetaldehyde. 

Similar studies in thiamine-deficient cats and a dog showed that the rate 
of acetaldehyde metabolism was not appreciably delayed when acetoin 
formation was seriously curtailed. 
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The results indicate a major réle for the liver and a minor role for the 


acetoin-forming mechanism in acetaldehyde metabolism. 


fo 


one 


12 


No significant increase in the blood acetoin was observed in rats or dogs 
llowing the administration of glucose, pyruvate, or alcohol. 
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THE BIOLOGICAL ACTIVITY OF PANTOLACTONE AND 
PANTOIC ACID 


By PHILIP G. STANSLY anp MARY E. SCHLOSSER 


(From the Chemotherapy Division, Stamford Research Laboratories, American C yanamid 
Company, Stamford, Connecticut) 


(Received for publication, September 15, 1945) 


As far as we are aware, no distinction has been made between the biologi- 
eal activity of pantolactone (a,y-dihydroxy-8 ,8-dimethylbutyrolactone) 
and pantoic acid or its ion.! 

In connection with studies on the antagonistic action of pantoyltaurine 
on salicylate inhibition of Escherichia coli * we have observed that pantoic 
acid, or, more properly, the pantoate ion, is more active than pantolactone. 

In low concentrations, salicylic acid is thought to inhibit growth of 
bacteria which synthesize pantothenate (e.g., Escherichia coli) by pre- 
venting the formation of pantoic acid or pantolactone (2). If such bacteria 
are supplied with pantothenic acid, pantoate, or pantolactone, the inhibi- 
tory effect of salicylate is nullified. Presumably, the pantoate or panto- 
lactone is used to synthesize pantothenic acid. The fact that pantoate is 
more active than pantolactone in antagonizing salicylate indicates that 
pantoate is more readily utilized than pantolactone for the synthesis of 
pantothenic acid. This suggests that the immediate precursor in the 
biological synthesis of pantothenic acid is pantoic acid or pantoate rather 
than pantolactone. 


EXPERIMENTAL 


A solution of 0.832 per cent (6.4 X 107? m) d(—)-pantolactone’ in 0.1 
N sodium hydroxide was hydrolyzed to the pantoate by allowing it to 
stand at room temperature (29°). The reaction was followed polari- 
metrically until no further change in rotation was observed. This occurred 
within an hour. The specific rotation, [a]” = +13°, compared favor- 
ably with that calculated from the data of Frost (3), and indicated 


‘After the completion of this manuscript, the article by Sarett and Cheldelin (1) 
appeared, in which these authors note that pantoic acid is 4 to 5 times more 
active than pantolactone as a growth factor for Acetobacter suborydans. It seems 
possible that the conditions which they used to hydrolyze the optically active lactone 
may have racemized the resulting acid. In this case, the relative activity would 
be twice that given, or about 9 times, as reported for Escherichia coli in the present 
communication. 

*Stansly, P. G., and Alverson, C. M., Science, in press. 

* Specific rotation [a]> = —49° (2 per cent solution). We wish to thank the Lederle 
Laboratories, Inc., for the pantolactone used in this study. 
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that hydrolysis was apparently complete. The solution was then di. 
luted with phosphate buffer, pH 6.8, and adjustment of the final 
solution to pH 6.8 was made with small amounts of dilute hydrochloric 
acid. The final buffer concentration was 0.02 m with respect to phosphate, 
This solution was assayed for activity simultaneously with a freshly pre- 
pared solution of 8 X 10-* m d(—)-pantolactone in 0.02 m phosphate 
buffer, pH 6.8, after sterilizing by filtration through a sintered glass filter, 

The assay consisted of measuring the growth response to various con- 
centrations of pantoate and pantolactone of Escherichia coli inhibited by 
salicylic acid. MacLeod’s chemically defined medium (4) containing 
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Fic. 1. Relative activity of pantoate and pantolactone. A turbidity of 20 units 
corresponds to approximately 100 million viable cells per ml. 


10 mg. per cent of salicylic acid was used for these experiments. An 
inoculum of approximately 6 million viable washed cells per ml. (from 4 
16 hour broth culture) was used and growth at 37° followed turbidimett- 
eally (5). 

Fig. 1 shows the relation between the log of the concentration and the 
turbidity at 8 hours when multiplication was logarithmic. For any 
given turbidity, the antilog of the log of the concentration of pantolactone 
minus the log of the concentration of pantoate expresses the relative 
activity of the two drugs. The results indicate that pantoate is about 9 
times more active than pantolactone in antagonizing salicylate inhibition. 
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It should be noted that this ratio is merely an expression of the relative 
activity of two solutions prepared in the described manner. It is possible 
that at least part of the activity in the solution of pantolactone may 
actually have been due to pantoate. Frost (3) has shown that a rather 
slow hydrolysis of pantolactone occurs at pH 6.6 and 60°. However, we 
have not observed any definite increase in biological activity of a solution 
of pantolactone allowed to incubate at pH 6.8 for 24 hours at 37°. On 
the other hand, after 24 hours at 37°, a solution of pantolactone at pH 
7.8 was found to be 2.5 times as active as it was initially, indicating hy- 
drolysis of about 28 per cent. The hydrolysis was accompanied by a 
change in the buffer (0.02 m phosphate) from pH 7.8 to 7.4. 


SUMMARY 


Pantoic acid, or, more properly, the pantoate ion, has been shown to 
be approximately 9 times more active than pantolactone in antagonizing 
thé inhibitory action of salicylic acid on Escherichia coli. This suggests 
that pantoate is more readily utilized than pantolactone by Escherichia 
coli for the synthesis of pantothenic acid. It therefore appears likely 
that the immediate precursor in the biological synthesis of pantothenic 
acid is pantoic acid or pantoate, rather than pantolactone. 
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DETERMINATION OF THE DEGREE OF HYDROLYSIS OF 
PARTIAL ACID HYDROLYSATES OF CASEIN AND FIBRIN 


By DOUGLAS V. FROST ann JEAN HEINSEN 
(From the Abbott Laboratories, North Chicago) 


(Received for publication, July 16, 1945) 


White and Elman (1) in 1942 described conditions for the partial acid 
hydrolysis of proteins under which most of the tryptophane was retained 
undamaged. These hydrolysates appeared suitable for intravenous injec- 
tion, as was reported briefly in the same communication. Studies have 
since been carried out by Risser, Schenck, and Frost (2) in these laborato- 
ries which demonstrate that partial acid hydrolysates prepared from casein 
and fibrin are well utilized by the dog when administered by vein. Of par- 
ticular interest in regard to the nature of such hydrolysates is the degree 
of hydrolysis; ¢.e., the ratio of free amino acids to those in peptide linkage 
and the relative size of the peptide fragments. 

Experiments were made to determine the variation in the degree of hy- 
drolysis of casein and fibrin which would occur at intervals ranging from 2 
to 24 hours in boiling 2.8 N sulfuric acid. Experiments were also carried 
out to show the effect of rapid hydrolysis in the autoclave at elevated tem- 
perature. 


Methods 


Partial Acid Hydrolysis—Casein (Casein Company of America) and 
blood fibrin (Armour) were hydrolyzed for 2, 4, 5, 6, or 24 hours in boiling 
2.8 n sulfuric acid. The concentration of protein to acid was 1:5 W/V. 
The sulfuric acid was removed as barium sulfate and the filtrate and wash- 
ings were treated with decolorizing carbon to yield clear solutions of pH 5.0 
to 5.5. 

The pressure hydrolysis was carried out with 1.4 N sulfurie acid, the 
mixture being stirred in a small glass-lined steam-jacketed tank for 3} hours 
at 127°. 

“Complete” Hydrolysis—A part of the 6 hour partial hydrolysate of each 
protein was made 8 N with concentrated sulfuric acid and refluxed for 16 
hours to provide the standard for “complete” hydrolysis. Sodium hy- 
droxide was used for neutralization of these hydrolysates before analysis 
for amino nitrogen and free amino acid nitrogen. 

Total nitrogen and ammonia nitrogen determinations were made on all 
hydrolysates by micro-Kjeldahl (Pregl). 

Amino nitrogen was determined by the Van Slyke nitrous acid method 
(3). Under the conditions of analysis, about 30 per cent of the ammonia in 
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the hydrolysates was found to be measured as amino nitrogen, as described 
recently by Irving, Fontaine, and Samuels (4). 

Free amino acid nitrogen was determined by the ninhydrin method of 
Van Slyke, Dillon, MacFadyen, and Hamilton (5). The all-glass reaction 
vessel described by Hamilton and Van Slyke (6) was used and the reaction 
with ninhydrin was carried out at pH 2.5. 


Results 


Values for free amino acid nitrogen in complete hydrolysates of casein 
and fibrin were consistently found to be about 84 and 87 per cent respee- 
tively of the total nitrogen minus ammonia nitrogen. Amino nitrogen 
values were more variable than the ninhydrin values. Average values 
were 76 and 82 per cert respectively of the total nitrogen minus the ammo- 
nia nitrogen for complete hydrolysates of casein and fibrin. Ammonia 
nitrogen represented about 10 per cent of the total nitrogen in ali hydroly- 
sates, indicating that hydrolysis of amide nitrogen was complete at the 
first stage of hydrolysis studied. 

Table I summarizes the essential data. 


DISCUSSION 


From Table I it is seen that a gradual liberation of free amino acids 
occurs under the conditions of the hydrolysis. The remainder of the amino 
acids presumably exists in peptide form. It would seem likely that there 
is a gradual reduction in average peptide size as hydrolysis proceeds, and 
this is indicated from the following calculations. 

Stein, Moore, and Bergmann (7) calculated the average peptide size of 
partial acid hydrolysates of silk fibroin from the data for total amino nitro- 
gen and free amino acid nitrogen. They stipulated that in order to apply 
this principle there should be essential agreement between values obtained 
by the two gasometric methods as applied to complete hydrolysates of the 
protein in question. They also stated that the non-amino nitrogen of the 
protein should be low, but there appears to us to be no theoretical reason 
why this latter criterion need apply. The important limitation in applica- 
tion of the principle to hydrolysates of proteins in general appears to be 
the errors inherent in the methods; 7.¢., the overmeasurement of aspartic 
acid by the ninhydrin method, and the failure of the nitrous acid method to 
measure proline and hydroxyproline. It appears logical, therefore, that 
where the approximate content of these amino acids is known the maxi- 
mum error due to their presence can be predicted, and calculations can be 
made to delimit the true values. 

Ideally, the average peptide length of a partial protein hydrolysate is 
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equal to the total amino nitrogen present in peptides divided by the peptide 
amino nitrogen. The first value is obtained by subtracting the free amino 
acid nitrogen of the partial hydrolysate from the free amino acid nitrogen 
value for the corresponding complete hydrolysate. The latter value is 
obtained by subtracting the free amino acid nitrogen from the total amino 
nitrogen of the partial hydrolysate in question. In the case of the 2 hour 
easein hydrolysate (Table I), the equation will be (84 — 14.2) + (30.6 — 
14.2) = 4.2. e 

The above value, 84 per cent, for the free amino acid nitrogen of the 
complete casein hydrolysate requires correction due to overmeasurement of 
aspartic acid. The aspartic acid content of casein is of the order of 6 per 


TaB_e I 
Hydrolysis of Casein and Fibrin by 2.8 n Sulfuric Acid 











Protein Hydrolysis Amino N Free amino acid N 
hrs. per ceni* per ceni* 

Casein Complete | 76 | 84 
5 2 30.6 | 14.2 
" a 35.2 16.8 
% 5 41.4 22.2 
* 6 42.7 23.5 
. 24 | 63.8 48.8 

Fibrin Complete 82 87 | 
" 2 34.2 17.6 
e 4 44.5 28.5 
5 44.6 | 29.5 
" 5 45.4 29.9 
7 6 46.4 32.0 
7? 6 48.8 32.5 
- 24 66.0 | 52.4 
e 3 at 127° 34.8 25.2 





* Expressed in per cent of the total nitrogen minus the ammonia nitrogen. 


cent, according to the compiled values of Block and Bolling (8). Calcu- 
lating from the known nitrogen content of aspartic acid and of casein, we 
find that about 5 per cent of the total nitrogen of casein is aspartic acid 
nitrogen. Since aspartic acid yields exactly twice the theoretical equiva- 
lent of CO, in the ninhydrin reaction, we can assume that the value 84 per 
cent for the complete hydrolysate of casein is about 5 per cent too high. 
Similarly the proline and hydroxyproline content of casein is reported to be 
about 8 and 2 per cent, respectively, and this leads to a negative errorof 
about 9 per cent in the nitrous acid method. This is partly compensated 
for by the fact that a positive error of close to 3 per cent results from the 
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measurement of 30 per cent of the ammonia of the samples as amino nitro- 
gen. Thus the results of the nitrous acid method as applied to complete 
hydrolysates of casein are about 6 per cent too low. It will be seen that 
application of these corrections in Table I gives values for the two methods 
only a few per cent apart. The correction actually overcompensates for 
the discrepancy in values between the two methods. 

The individual errors in the methods as applied to partial hydrolysates 
are probably smaller than fgr the complete hydrolysates; however, since 
they undoubtedly vary with the degree of hydrolysis, no allowances can 
be made for them. In any case, it will be seen that maximum corrections 
that need be made would change the calculation for average peptide length 
by less than 1 unit and would yield values somewhat lower than those 
obtained from the data of Table I. Calculation of the data for the pro- 
gressive degrees of hyJtrolysis indicates that the average peptide length is 
at the tetrapeptide stage after about 2 hours, the tripeptide stage at about 
6 hours, and the dipeptide stage at 24 hours or less. Thus the data can be 
used to reflect the relative change in average peptide size within limits, 
although the precise average peptide size may not yet be known. 

The errors in the case of fibrin hydrolysate are of a somewhat different 
order than those for casein; however, the changes in average peptide size 
for the progressive stages of hydrolysis appear to be similar to those for 
caseiP. 

It will be noted that values for the hydrolysate prepared in the autoclave 
do not appear to agree with the values obtained by the other hydrolysates. 
Other criteria in this laboratory have indicated differences between hy- 
drolysates prepared in the autoclave and those prepared by refluxing. 
Rearrangement and ring formation in peptides might be expected to occur 
under pressure at temperatures of 120° and above, according to the early 
findings of Abderhalden and Komm (9). Such reactions would probably 
lead to unpredictable analytical values and would conflict with the above 
hypothesis. 

It is interesting to note that a considerable part of the hydrolysis took 
place in the first 2 hours and that hydrolysis was relatively slow thereafter. 
With Chibnall’s (10) estimate of the weight of amino acids obtained from 
hydrolysis of 100 gm. of casein, i.e. 115.4 gm. of amino acids and an average 
equivalent weight of 133 for the amino acids of casein, it is possible to 
estimate that complete hydrolysis of 100 gm. of casein gives rise to 0.87 
equivalent of amino acids. Since only 1.4 equivalents of sulfuric acid are 
used in the hydrolysis per 100 gm. of casein, the effective acid concentration 
decreased rapidly as the ampholyte concentration increased. This factor 
probably contributes to the decrease in the rate of hydrolysis with increasing 
time of hydrolysis. 
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2, 4, 5, and 6 hour hydrolysates of casein and fibrin have all been used 
successfully intravenously in nitrogen balance studies in dogs in this labo- 
ratory. There has not appeared to be much choice between them with 
regard to their ability to maintain nitrogen balance. It has been apparent 
for some time that peptides of the type dccurring in such partial acid 
hydrolysates are well utilized on injection. Just how large these peptides 
may be and still be utilized is not known. 


SUMMARY 


Hydrolysates of casein and fibrin were prepared by hydrolyzing 20 per 
cent solutions of the proteins for 2, 4, 5, 6 and 24 hours in 2.8 n sulfuric 
acid. Variations in the degree of hydrolysis were determined by the Van 
Slyke gasometric methods for free amino acid and total amino nitrogen. 


We are indebted to Mr. Everett Doede for nitrogen determinations and 
for many check determinations of carboxyl N and total NH:-N; also to 
Mr. Carl Nielsen and Dr. E. H. Volwiler for encouragement and help in 
carrying out the project. 


BIBLIOGRAPHY 


1. White, A., and Elman, R., J. Biol. Chem., 143, 797 (1942). 
2. Risser, W. C., Schenck, J., and Frost, D. V., Science, in press. 
3. Van Slyke, D. D., J. Biol. Chem., 83, 425 (1929). 
4. Irving, G. W., Jr., Fontaine, T. D., and Samuels, C. 8., Arch. Biochem., 4, 347 
(1944). 
5. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
Chem., 141, 627 (1941). 
6. Hamilton, P. B., and Van Slyke, D. D., J. Biol. Chem., 160, 231 (1943). 
7. Stein, W. H., Moore, 8., and Bergmann, M., J. Biol. Chem., 164, 191 (1944). 
8. Block, R. J., and Bolling, D., The amino acid composition of proteins and 
foods, Springfield (1945). 
9. Abderhalden, E.,and Komm, E., Z. physiol. Chem., 136, 134 (1924) ; 189, 147 (1924). 
10. Chibnall, A. C., Proc. Roy. Soc. London, Series B, 181, 136 (1942). 

















THE ISOLATION OF a-GLYCERYLPHOSPHORYLCHOLINE FROM 
INCUBATED BEEF PANCREAS: ITS SIGNIFICANCE FOR 
THE INTERMEDIARY METABOLISM OF LECITHIN* 


By GERHARD SCHMIDT, BESSIE HERSHMAN, anv 8. J. THANNHAUSER 


(From the Boston Dispensary, the Joseph H. Pratt Diagnostic Hospital, 
and Tufts College Medical School, Boston) 


(Received for publication, July 30, 1945) 


The structure of the phosphatides suggests the assumption that their 
enzymatic hydrolysis represents a stepwise degradation leading to the 
intermediary formation of simpler esters of phosphoric acid prior to the 
liberation of inorganic phosphate. Since the chemical nature of. these 
intermediary products in mammalian tissues is as yet unknown, an investi- 
gation of the problem was undertaken. 

At the outset of our work it became clear that our original plan of study- 
ing the phosphorus-containing products formed during the action of purified 
enzymes on pure phosphatides had to be modified. It was found that only 
fresh suspensions of some tissues were sufficiently active to permit the 
isolation of products of the enzymatic hydrolysis of phosphatides. Such 
suspensions contained considerable amounts of phospholipids which were 
rapidly hydrolyzed during the incubation, but the addition of pure phos- 
phatides enhanced the action of the phospholipid-splitting enzymes only to 
a relatively small extent. 

It was therefore decided to study the fate of the preformed phosphatides 
during a short incubation of tissue suspensions. This method of approach 
entailed considerable difficulties. It precluded any attempt to separate 
the phospholipid-splitting enzymes from the phosphatases which hydro- 
lyzed the intermediary phosphoric esters and thereby interfered with their 
accumulation. Moreover, it complicated the detection and isolation of 
such intermediary esters by the necessity of separating them from the large 
amount of phosphorus compounds originating from other enzyme reactions 
such as glycolysis or the hydrolysis of nucleic acids. 

In the experimental part, it will be demonstrated that the decrease of the 
phospholipids during the incubation of mammalian tissues is accompanied 
by the appearance of an acid-soluble phosphorus fraction which can be 
separated from the bulk of other acid-soluble P compounds by its solubility 
in alcohol. The amount of this fraction was always smaller than that of 
the phospholipids that had disappeared. The isolation of a diester of 


* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
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phosphoric acid, namely glycerylphosphorylcholine, from this fraction wil] 
be described. The structure of this diester in itself suggests its genetic 
relationship to lecithin. The quantitative correlation of the amounts of 
the alcohol-soluble, petroleum ether-insoluble P fraction formed to the 
decrease of the phospholipids strongly supports the assumption that 
glycerylphosphorylcholine is formed from lecithin by the action of specific 
“‘lecitholipases” which are not identical with the fat-splitting pancreas 
lipase, since active solutions of the latter enzyme are without effect on 
lecithin. 

A similar enzyme system was found in rice bran and in Aspergillus oryzae 
by Contardi and Ercoli (1) in 1935. When these authors incubated lysoleci- 
thin for 9 days with purified extracts of rice bran, which they designated as 
“lecithinase B,” they observed that a part of the phosphatide phosphorus 
became water-soluble without the liberation of inorganic P or choline, 
The water-soluble P fraction obtained after the incubation did not contain 
soaps or organically bound fatty acids. These observations were inter- 
preted by Contardi and Ercoli as evidence for the formation of glyceryl- 
phosphorylcholine. The product was not isolated in pure form by the 
Italian authors, but they described its solubility in alcohol and its precipita- 
tion from alcoholic solutions by cadmium chloride. In addition, they 
found that the cadmium chloride compound was very easily soluble in water. 
Since these findings agree with our own observations on the pure product 
obtained by us from incubated pancreas, the interpretation given by the 
Italian authors to the effect of rice bran extracts on lysolecithin appears to 
be justified. 

If the enzymatic liberation of both fatty acid radicals from lecithin in 
pancreas represents a simple hydrolytic cleavage, the assumption of an 
intermediary formation of lysolecithin is theoretically unavoidable. This 
important problem has not been studied in our present investigation. 
Belfanti and Arnaudi (2) claimed to have demonstrated the formation of 
lysolecithin after the incubation of lecithin with extracts from pancreas and 
salivary glands. Their conclusions, however, are not based on the isolation 
of pure lysolecithin from the incubated material. Nikuni (3) reported 
the isolation of lysolecithin from emulsions of egg lecithin after the incuba- 
tion with pancreas extracts. 


EXPERIMENTAL 


Determination of Lipid P—The minced tissue (usually 0.5 gm.) was sus 
pended in 2 cc. of water. The suspension was neutralized with a 0.1% 
solution of sodium hydroxide against phenolphthalein and transferred into 
an Erlenmeyer flask containing approximately 40 volumes (100 to 150 ce.) 
of a mixture of 3 parts of absolute alcohol and 1 part of ether; the mixture 
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was boiled for a few minutes on a steam bath and filtered into a round 
bottom flask. The residue on the filter was washed thoroughly with the 
aleohol-ether mixture. The filtrate was concentrated to dryness under 
reduced pressure and the residue reextracted with petroleum ether. The 
petroleum ether extract was filtered and the residue well washed with 
petroleum ether. In the combined filtrate and washings the total phos- 
phorus was determined according to the method of Fiske and Subbarow 
(4). : 

Phospholipid-Splitting Activities of Various Mammalian Tissues—Table 
I demonstrates the phospholipid-splitting activities of various mammalian 
organs. The technique used was the same in all experiments, so that the 
results are quantitatively comparable. The tissues were minced with 
scissors and two samples of 0.5 gm. each weighed on cover-slips. The 


Tasie I 
Phospholipid-Splitting Activities of Tissue 
The results represent mg. of P per 100 gm. of fresh tissue. 





Petroleum ether-insoluble 


Phospholipid P alcohol-soluble P 














Organ 
Initial value | atte Dee Initial value paar’ ram 
| | 
Striated muscle (rat)...........| 44.8 | 32.4 8.8 6.8 
SI sce cela robes cess 143.0 127.0 9.0 9.6 
RRR 57.0 | 4.7 | 68 | 143 
TEP SORE et, | 114.5 64 8.0 
CS ere ee 49.6 34.0 3.2 10.6 
Small intestines (rat)......... 52.0 0 1.5 26.0 
Pancreas (beef)................ 100.0 40.0 7.8 40.0 





material with the cover-slip was then placed in wide test-tubes which 
contained 2 cc. of water. One of the samples was neutralized against 
phenolphthalein! and then immediately transferred to a 500 ec. Erlen- 
meyer flask containing 100 cc. of the alcohol-ether mixture. The other was 
incubated for 3 hours at 37°. Subsequently, the suspension was neutralized 
against phenolphthalein and extracted with the alcohol-ether mixture. 

It can be seen that, during the incubation of the mucosa of the digestive 
system and of pancreas, a large part of the phospholipids disappears, while 


- relatively small decreases of the phospholipid contents were observed in the 


other investigated tissues. The large relative and absolute decreases of the 
phospholipids in the incubated tissues of the digestive system offered favor- 
able conditions for the investigation of the hydrolysis products. 


? The neutralization is necessary for the purpose of establishing comparable con- 
ditions for the extraction of the fresh and the incubated tissues. 
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An example of the quantitative distribution of the phosphorus fractions 
in non-incubated and incubated tissues is given in Table II. The principal 
results of this experiment are representative of the behavior of all investi- 
gated tissues of the digestive system; stomach mucosa, however, appeared to 
be particularly suitable for quantitative studies of the metabolism of the 
phospholipids because it contains relatively smaller amounts of the other 
phosphorus fractions than the various other tissues; in addition, its phospha- 
tase content is low. 

The data of Table II demonstrate that the decrease of the phospholipids 
during the incubation is accompanied by an increase of the total acid- 
soluble P fraction. This increase is much higher than the decrease of the 
amount of lipid phosphorus, and thus originates at least in part from the 
breakdown of insoluble P fractions other than phosphatides. The amount 
of acid-insoluble P remaining after the incubation is so small that the possi- 
bility of the transformation of lipid P into acid-insoluble P compounds is 


TaB.e II 


Quantitative Distribution of Phosphorus Fractions in Non-Incubated and Incubated 
Rat Stomach 


The results represent mg. of P per 100 gm. of fresh tissues. The total P is %. 








se Organic 

Treatment Lipid P ant le Inorganic P| Protein P at ee 
Fresh a 1 gee a eee ; 34.8 36.6 16.8 26.6 19.8 
Incubated <sutecsageccaat ae 80.0 39.6 6.7 40.4 





excluded. Thus, it must be concluded that the phospholipids are trans- 
formed into acid-soluble P compounds during the incubation. 

Some information regarding the nature of these acid-soluble breakdown 
products of the phosphatides was obtained when the phosphorus compounds 
of fresh and incubated tissues were fractionated further. It was found that 
in fresh tissues almost the total amount of alcohol-soluble phosphorus com- 
pounds was soluble in petroleum ether, but insoluble in aqueous trichlore- 
acetic acid. Incubated tissues of the digestive system, however, contained 
considerable amounts of alcohol-soluble phosphorus compounds which were 
insoluble in petroleum ether, but soluble in aqueous trichloroacetic acid. 
The amounts of this fraction (designated Fraction X) in some fresh and 
incubated tissues are reported in the last two columns of Table I. 

The figures there reported were obtained by means of the following 
technique. The phospholipids were extracted with petroleum ether accord- 
ing to the method previously described. The petroleum ether extract was 
filtered and the extraction flask was thoroughly rinsed with petroleum 





‘ions 


esti- 
d to 
the 
ther 


pids 
ucid- 
' the 
. the 
ount 
O8si- 
ds is 


bated 


is 98. 





ganic 
soluble 


rans- 
jown 
unds 
that 
com- 
loro- 
were 
| and 
wing 


t was 





SCHMIDT, HERSHMAN, AND THANNHAUSER 527 


ether, which was then used for washing the filter. After several washings, 
the filter was replaced in the extraction flask. The residue of the petroleum 
ether extract together with the filter was extracted with a boiling mixture 
of 3 parts of alcohol and 1 part of ether. In the filtered extract the total P 
was determined. 

It can be seen that the amounts of Fraction X increase in almost all tis- 
sues during the incubation. In those tissues, however, in which a high 
phospholipid-splitting activity was observed, much larger amounts of 
Fraction X were formed than in tissues in which the changes of the phos- 
phatide P during the incubation were relatively small. 

It appears unlikely that acid-soluble P compounds which cannot be ex- 
tracted by alcohol from fresh tissues would become alcohol-soluble or 
would be hydrolyzed to alcohol-soluble phosphoric esters during the incu- 
bation. It is likewise improbable that the nucleic acids would be split into 
alcohol-soluble phosphoric acid esters. There is a possibility that the 
phosphatides in the petroleum ether extracts of fresh tissues are accom- 
panied by other phosphorus compounds which are soluble in petroleum 
ether only in the presence of phosphatides; after the incubation, these 
substances would lose their solubility in petroleum ether because of 
the disappearance of the phosphatides, but would still be soluble in 
alcohol. Such an assumption, however, could only explain increases of 
the Fraction X amounting to much smaller values than those of the 
hydrolyzed phospholipids. In most of the experiments on stomach, small 
intestines, and pancreas, the increase of the Fraction X accounted for 
approximately 50 per cent of the decrease of the phospholipids. Hence, it 
is probable that Fraction X consists mainly of phosphoric acid esters 
originating from the enzymatic breakdown of the phospholipids. Some 
properties of this fraction were studied in preliminary experiments with 
samples prepared from several batches of twenty-five rat stomachs. It 
was found that the extracts of Fraction X did not contain measurable 
amounts of inorganic phosphate. Fraction X in concentrated aqueous 
solution gave no precipitate with uranyl acetate, barium acetate, lead ace- 
tate (neutral or basic), mercuric acetate, or silver acetate. It was precipi- 
tated from concentrated alcoholic solution by cadmium chloride, but not 
by barium acetate or barium hydroxide. 

This behavior is different from that of the known components of the acid- 
soluble P fraction such as hexose phosphates or nucleotides and suggests 

that Fraction X represents a distinct group of organic P compounds. 

Isolation of Phosphorus-Containing Hydrolysis Product of Lecithin from 
Incubated Beef Pancreas—Beef pancreas was used as the material for isola- 
tion experiments. As shown in Table I, the characteristic increase of the 
aleohol-soluble, petroleum ether-insoluble P fraction during the incubation 
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of beef pancreas is very marked. Since the observations discussed in the 
preceding section made it appear probable that this fraction consisted 
mainly of breakdown products of phosphatides, we undertook its prepara- 
tive isolation and chemical identification. 

For obvious reasons, the isolation procedure followed in its first steps as 
closely as possible the technique adopted in the small scale experiments on 
rat stomach. This was particularly important for the extraction of the 
phosphorus compounds from the tissue. It will be remembered that the 
extraction with hot alcohol offered the simplest possibility of separating 
Fraction X from the bulk of the other acid-soluble phosphorus compounds, 
This effect, however, is achieved only if the extraction of the incubated 
tissue suspension is carried out with approximately 50 volumes of 95 per 
cent aleohol. It is obvious that the use of such an excess of hot alcohol is 
almost impracticable for isolation experiments on large amounts of tissue 
suspensions. On the other hand, the preliminary dehydration of the tissue 
by other organic solvents was not feasible because mixtures of these solvents 
with water extract considerable amounts of phosphorus compounds from 
the tissues. After various trials aimed at the adaptation of the wet lipid 
extraction for preparative purposes, we finally chose the following procedure 
for the preparation of Fraction X. 

5 pounds of minced beef pancreas were mixed with an equal volume of 
water and incubated at 37° for 4 hours. The mixture was then acidified to 
pH 4.7 by addition of acetic acid and quickly heated to 60° in a water bath. 
The suspension was filtered on a Biichner funnel while still hot. The fil- 
trate was left overnight in the refrigerator and separated from the solidified 
fats by filtration on a Biichner funnel. 

The clear yellow filtrate was brought to pH 6.5 and concentrated to ap- 
proximately 300 cc. under reduced pressure. It was then heated on a boiling 
water bath and poured into 1500 cc. of boiling absolute alcohol. After 
filtration on a Biichner funnel, the filtrate was again concentrated under 
reduced pressure to a much smaller volume than before (but not to a syrup) 
and precipitated with an excess of hot absolute alcohol. The concentra- 
tions and precipitations with alcohol were repeated until the liquid could 
be concentrated to a few cubic centimeters without giving a precipitate on 
addition of an excess of alcohol. Jt was found to be essential to continue the 
concentrations and precipitations to this point. Otherwise, the contamina- 
tions (chiefly breakdown products of proteins) left in the solution by an 
incomplete precipitation with alcohol could not be removed in the later 
stages of the preparation. The alcoholic solution contained approximately 
400 mg. of organic P, but was practically free of inorganic phosphate. 

The solution was concentrated to a syrup and the concentrate taken up 
in approximately 50 cc. of water. An aqueous, concentrated solution of 
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mercuric acetate was added until the precipitation was complete. After 
addition of 5 volumes of alcohol the precipitate was filtered over a thin layer 
of Hyflo filter aid on a Biichner funnel. The precipitate was washed with 
aleohol and the mercuric ions were removed from the clear filtrate by means 
of hydrogen sulfide. Approximately 80 per cent of the organic P vemeined 
in the filtrate from the mercuric acetate precipitation. 

The filtrate was concentrated under reduced pressure to a small volume. 
On addition of 10 volumes of acetone a precipitate formed which consisted 
partially of an oil, partially of flocculent material. The oily part of the 
precipitate contained the total amount of the phosphorus. Immediately 
after the addition of acetone, the suspension was transferred to a separatory 
funnel. The oil sedimented very soon and was separated as completely as 
possible from the supernatant and from the flocculent material which settled 
on top of the oily layer. 

When a small sample of the oil was refluxed with n hydrochloric acid for 
3 hours, it was found that no inorganic phosphate was formed, but that 
choline appeared in the hydrolysate in amounts equivalent to those of the 
total phosphorus. A glycerol determination on the oil according to the 
method of Blix (5) revealed the presence of an amount approximately 
equivalent to that of the phosphorus. As no fatty acids could be detected 
after acid or alkaline hydrolysis of the material, the presence of lecithin was 
excluded. 

The equivalence of phosphorus and bound choline (no free choline was 
found in the oil) suggested the assumption that the phosphorus was pres- 
ent in the form of a choline ester. This ester, however, could not be 
identical with phosphorylcholine, since the hydrolysis resulted in the 
liberation of choline without the formation of inorganic phosphate. The 
presence of an equivalent amount of glycerol made it probable that the 
compound had to be considered as a diester of phosphoric acid with choline 
and glycerol. The total amount of nitrogen in the acetone-insoluble oil 
was, however, much higher than that calculated from the results of the 
choline determinations. The material gave a strongly positive ninhydrin 
test and contained considerable amounts of leucines. 

For the further purification, the phosphorus-containing component was 
precipitated as a reineckate by the addition of excess of a cold saturated 
alcoholic solution of ammonium reineckate to a solution of the oil in 25 to 
50 ce. of aleohol. (In aqueous solution, no precipitate was obtained on 
addition of ammonium reineckate.) A granular, light pink, microcrystal- 
line precipitate formed instantaneously. It contained approximately 50 
per cent of the phosphorus present. The reineckate was filtered on a Biich- 
ner funnel. Since it was rather soluble in alcohol, this solvent was not used 
for washing. The powdery precipitate was suspended instead in 500 cc. of 














530 a-GLYCERYLPHOSPHORYLCHOLINE 


acetone and stirred vigorously for 5 minutes. During this treatment, the 
reineckate partly decomposed and the precipitate assumed a somewhat 
sticky consistency, but the phosphorus remained quantitatively in the 
precipitate. 

The Reinecke compound was suspended in approximately 150 ee. of 
water, filtered from a considerable insoluble residue (all the phosphorus was 
now in the filtrate), and decomposed by adding a hot saturated solution of 
silver sulfate and some solid silver sulfate. After being mechanically 
shaken for 10 minutes, the suspension was filtered on a Biichner funnel, 
The colorless filtrate contained approximately 100 to 150 mg. of organic P. 
The N:P ratio in the clear colorless filtrate was at this stage approximately 
1.5:1. The solution was freed from silver and sulfate ions by hydrogen 
sulfide in the presence of freshly prepared barium carbonate. 

Since the ratio of choline to P in the solution was 1:1, it was certain that 
the preparation contained even at this stage other nitrogen-containing 
substances besides choline. The removal of these contaminations proved 
to be very difficult. After many unsuccessful attempts with various alka- 
loid reagents, we found that this task could be accomplished by the use of 
ion exchangers. 

After the removal of the hydrogen sulfide by aeration, the solution was 
shaken for 1 hour with 20 gm. of Amberlite IR-100 for the removal of 
nitrogenous contaminants and small amounts of barium. The filtrate from 
the Amberlite contained approximately 100 mg. of organic P and bound 
choline as practically the only nitrogen-containing substance. The N:P 
ratio was 1.03:1. The reaction of the filtrate was slightly alkaline. 

When the solution was evaporated under reduced pressure, the substance 
remained as an almost colorless oil. It could be obtained in an analyzable 
form as a cadmium chloride compound. The oil was dissolved in 50 ce. of 
hot alcohol. After cooling, a saturated alcoholic solution of cadmium 
chloride was added-until the precipitation was complete. The cadmium 
compound was filtered on a Biichner funnel, washed with an alcoholic solt- 
tion of cadmium chloride? and with ether, and dried. For the analyses it 
was dried at 76° in a vacuum dryer.® 

C 15.27, 15.18; H 3.42, 3.37; N 2.42; P 5.27; Cl 19.52; Cd 35.05 

From these figures the composition of the cadmium and chloride-free 
moiety of the compound could be calculated. 

2 A solution of the precipitant was used for the washing in order to avoid losses 
due to the considerable solubility of the cadmium chloride compound in alcohol. 

3 Dr. Carl Tiedcke, to whom we are indebted for the microdetermination of C and 


H, sent us the results with the comment that the cadmium compound was difficult te 
analyze and that a high degree of accuracy could not be expected with regard to 


and H determinations. 
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CsH2NPO;. Calculated. C 34.90, H 8.05, N 5.27, P 11.27 
Found. ** 33.51, “ 7.47, “ 5.33, ‘* 11.87 


Glycerol Determinations—Determinations of glycerol according to the 
method of Blix (5) were carried out on all samples of the final product. The 
results obtained by this method were frequently checked by control 
determinations on known amounts of sodium glycerophosphate. These 
corresponded to yields ranging from 75 to 85 per cent of the theoretical 
values. This is probably due to the fact that hydriodic acid of the quality 
required according to the directions of Blix is not available at present. 
We found, however, that the results of duplicate analyses with the same 
batch of hydriodic acid agreed within 5 per cent, even if the amounts of 
glycerophosphate were varied over a wide range. We therefore adopted 
it as a routine to carry out a control determination on a known amount of 
sodium glycerophosphate simultaneously with each determination on the 
diester. The glycerol determination on the same sample of the diester 
which was used for the elementary analysis reported above gave the results 

















Tasie III 
Determination of Glycerol 
' Ratio, P t 
Substance | P Glycerol pe nl _Blycerol ‘ 
mg. mg. 4 
Sodium glycerophosphate ..... 0.118 0.280 0.802 1.00 
i ae 0.162 0.399 0.829 1.03 





shown in Table III. The fourth column contains the values for the mo- 
lecular ratio between glycerol and phosphoric acid, as calculated from the 
experimental data. The corrected values of this ratio (last column) have 
been computed from the figures of the fourth column on the assumption 
that the true ratio for glycerophosphoric acid is 1:1. 

Products of Hydrolysis. Choline—50 cc. of the solution obtained after 
the treatment with Amberlite were refluxed for 3 hours with 5 ce. of 5 N 
hydrochloric acid, cooled, and neutralized against Congo red paper, and an 
excess of an acidified solution of ammonium reineckate was added. A pre- 
cipitate of glittering crystals appeared immediately. It was filtered after 
several hours standing in the refrigerator, washed with cold alcohol, and 
dried at room temperature in an evacuated desiccator. 


Found, 47.30 mg. choline reineckate corresponding to 13.60 mg. choline in 50 cc. 
solution 

Total P in 0.5 cc. solution, 0.335 mg. 

Molecular ratio, choline to P = 1.04:1 











532 a-GLYCERYLPHOSPHORYLCHOLINE 


The aqueous solution of the substance gave no precipitate with Reinecke 
acid before hydrolysis. 

Glycerophosphoric Acid—400 mg. of the cadmium compound were dig. 
solved in water and decomposed by hydrogen sulfide. After removal of the 
hydrogen sulfide, the filtrate was refluxed for 3 hours with 0.1 volume of § 
N hydrochloric acid. 

The hydrolysate was then treated according to the procedure described 
by Folch (6) for the isolation of glycerophosphoric acid from cephalip 
hydrolysates. 

65 per cent of the phosphorus contained in the cadmium compound could 
be recovered in the form of a barium salt with a phosphorus content of 9.52 
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Minutes 
Fie. 1. Hydrolysis of glycerylphosphorylcholine (concentration, 2.06 mm) by x 
hydrochloric acid at 97°. k (log) = 9.6 X 107°, 9.9 X 10-8, 9.2 K 10-8; k (logis) (w HO; 
100°) for phosphorylcholine = 1.3 XK 10~* (6). 





per cent (calculated for C;H7OsPBa, 10.1 per cent). The barium salt was 
free of nitrogen. 
The glycerol determination was as follows: 





Molecular ratio, 





Glycerol P glycerol to P 
még. més. | 
Barium glycerophosphate......... .| 0.453 0.189 0.80 
Sodium - (control). 0.583 0.236 0.83 





The rate of the hydrolytic formation of choline was very rapid in ¥ 
hydrochloric acid at 97° (Fig. 1). The hydrolysis under these conditions 


liberates approximately two-thirds of the total choline within 5 minutes 
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and is practically complete within 15 minutes. This behavior is in sharp 
contrast to the great stability of phosphorylcholine (7). On the other hand, 
it is known that the ester linkage of choline in lecithin is very labile towards 
acids. No inorganic phosphate appeared during the hydrolysis of the ester 
with n hydrochloric or sulfuric acid under conditions which resulted in the 
quantitative liberation of the choline group. 

Reaction of Diester with Sodium Periodate (8)—10 cc. of a diester solution 
containing 0.81 mg. of diester P were mixed with 5 cc. of water, 5 cc. of 0.1 
nacetate buffer of pH 5.3, and 5 cc. of a 0.0038 solution of sodium periodate. 
A control mixture in which the diester solution was replaced by water was 
treated in the same way. After 5, 15, 20, and 90 minutes the amount of 
periodate was determined in 5 cc. aliquots of both mixtures by titration 
with 0.004 N arsenious acid after addition of an excess of sodium bicarbon- 
ate. After 5 minutes 0.025 and after 90 minutes 0.0273 mm of periodate 
were consumed by the 0.0261 mm of diester, intermediate values being 
secured at the intervening times. 

This behavior permits the conclusion that in the diester the glycerol 
group is esterified in the @ position. 

Optical Rotation—A 2.57 per cent aqueous solution of the diester (calcu- 
lated from its content of P) gave a rotation of —0.25° in a 2 dm. tube. 


[a]> = —4.87° 


Action of Alkaline Phosphatase on a-Glycerylphosphorylcholine—0.5 ce. 
of a solution of a-glycerylphosphorylcholine (containing 3.0 mg. of total P) 
was mixed with 10 ec. of 0.1 N veronal buffer of pH 9.3 and brought to a 
temperature of 37°. After the addition of 0.1 cc. of a solution of intestinal 
phosphatase (9) (activity, 0.002 cc. of phosphatase solution formed 0.9 mg. 
of P from glycerophosphate within 15 minutes under standard conditions) 
the mixture was incubated at 37°. The results are shown in Table IV. 

The observations reported above suggest the following formula for the 
compound 


OH 
CH,OH—CHOH—CH,—O—P—OCH;—CH,—N(CH)); 
| 
a) OH 


which is analogous to that of the glycerylphosphorylcolamine obtained by 
Feulgen and Bersin (10) from acetal phosphatides, after treatment with 
mercuric chloride as catalyst. 

Yield—Approximately 1 gm. of a-glycerylphosphorylcholine is usually 
obtained from 5 pounds of beef pancreas. This yield accounts for only 10 
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to 15 per cent of the amount calculated from the data of Table I. The 
precipitation with ammonium reineckate and the treatment with Amberlite 
are mainly responsible for the losses during the isolation. In addition, the 
alcohol extraction of the incubated pancreas on a large scale does not yield 
more than approximately half as much of the soluble phosphorus fraction 
as the extraction of small amounts of pancreas with Bloor’s mixture. 

It is therefore possible that the crude alcohol-soluble petroleum ether. 
insoluble fraction of incubated pancreas contains other substances besides 
a-glycerylphosphorylcholine. Furthermore, the fact that the isolated 
diester is the a isomer does not exclude the possible presence of the 8 isomer 
in pancreas lecithin or among its enzymatic hydrolysis products. 


TABLE IV 


Action of Phosphatase on a- basinal Ae nee holine 


— + ———_—_———____.. 




















Time of incubation Inorganic P formed 
min. meg. per cent total P of substrate solution 
5 0.295 9.8 
10 0.350 11.6 
90 0.410 | 13.6 
DISCUSSION 


The presence of a-glycerylphosphorylcholine in incubated pancreas has a 
bearing on the interpretation of some earlier observations concerning the 
acid-soluble phosphorus compounds of this organ. 

In 1939, King and Small (11) obtained from pancreas a phosphorus frae- 
tion which they considered as sphingosylphosphorylcholine. This assump- 
tion was based on the phosphorus and nitrogen content of their material 
and on the detection of choline among the products obtained by acid hy- 
drolysis. They did not report any direct proof for the presence of sphingo- 
sine or the absence of glycerol in their material. 

On the basis of our observations, we doubt whether the product ana- 
lyzed by King and Small was a homogeneous substance. King and 
Small precipitated their material with ether from a protein-free pancreas 
filtrate after a series of barium, mercury, and lead salt precipitations. 
During all these procedures the material remained in the supernatants to 
gether with a large amount of contaminations. King and Small found that 
the composition of the final ether precipitate remained constant after several 
reprecipitations with acetone. We had a similar experience, but convinced 
ourselves that the precipitates obtained in this way were always mixtures. 
It was impossible to remove the nitrogenous contaminations from the 
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osphorus compounds by reprecipitations with acetone. This could be 
accomplished only by the introduction of new steps of purification such as 
the precipitation of the phosphorus fraction by Reinecke acid and the 
adsorption of nitrogenous substances on Amberlite. 

These considerations render it very unlikely that the material analyzed 
by King and Small was sphingosylphosphorylcholine. The analytical 
figures reported by these authors can be explained by the assumption that it 
was a mixture of glycerylphosphorylcholine and perhaps other phosphorus 
compounds with a nitrogenous material. 

The connection of glycerylphosphorylcholine with the intermediary 
metabolism of lecithin is of considerable physiological interest.‘ It appears 
possible that this substance is important for the breakdown as well as for 
the synthesis of lecithin. In contrast to lecithin, which is not hydrolyzed 
by phosphatases, glycerylphosphorylcholine is split by alkaline phosphatase 
into its three constituents. It is possible that glycerylphosphorylcholine 
represents a water-soluble precursor of choline and choline derivatives in 
the mammalian organism. 

The rate of this enzymatic hydrolysis is, however, very much slower than 
that of monoesters of phosphoric acid. For this reason, glycerylphos- 
phorylcholine may accumulate in considerable amounts, even in organs with 
a high phosphatase content such as the small intestines. This fact, in con- 
nection with the very low glycerylphosphorylcholine content of the major- 
ity of the fresh tissues, suggests that glycerylphosphorylcholine may play 
an important part in the biological synthesis and in the “turnover” of 
lecithin in the intact organism. 

Sinclair and Smith (12) discovered that ingested fatty acids are promptly 
incorporated into the phospholipids of the intestinal mucosa and the liver. 
The assumption that glycerylphosphorylcholine takes the part of a “fatty 
acid acceptor’’ in the biological synthesis of lecithin would furnish a simple 
explanation for the mechanism of the incorporation of fatty acids into the 
lecithin fraction of the digestive organs. 

SUMMARY 


1. The isolation of a-glycerylphosphorylcholine from incubated beef 
pancreas has been described. Some of its physical and chemical properties 
have been investigated. It has been demonstrated that the isolated sub- 
stance represents the a isomer. The choline ester linkage of a-glyceryl- 


‘The observation that the alcohol-soluble, petroleum ether-insoluble P fraction 
increases during the incubation not only in pancreas but also in some other organs, 
especially in intestinal mucosa, suggests the assumption that the formation of glyc- 
erylphosphorylcholine is not limited to the pancreas, but is of a more general impor- 
tance for the metabolism of lecithin. It should be emphasized, however, that the 
isolation of glycery]phosphorylcholine has so far been carried out only on pancreas. 
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phosphorylcholine is very easily split by dilute acids. In this respect th 
behavior of glycerylphosphorylcholine differs sharply from phosphoryl. 
choline, but resembles that of lecithin. a-Glycerylphosphorylcholine 
slowly hydrolyzed by alkaline phosphatase. 

2. It has been shown that a-glycerylphosphorylcholine originates fron 
the enzymatic hydrolysis of lecithin. It is the only intermediary breakdow, 
product of lecithin which has up to now been found in mammalian tissues 

3. Duodenal juice is without action on lecithin or cephalin, while intestj. 
nal mucosa is capable of hydrolyzing phospholipids at a rapid rate. Th 
formation of a-glycerylphosphorylcholine from lecithin is caused by the 
action of specific “‘lecitholipases” which are not identical with pancreg 


lipase. 
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THE STRUCTURAL SPECIFICITY OF SULFANILAMIDE-LIKE 
COMPOUNDS AS INHIBITORS OF THE IN VITRO CONVER- 
SION OF INORGANIC IODIDE TO THYROXINE 
AND DIIODOTYROSINE BY THYROID TISSUE* 


By ALVIN TAUROG, I. L. CHATKOFF, anno A. L. FRANKLIN 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, August 17, 1945) 


By means of radioactive iodine it was demonstrated in this laboratory 
that surviving slices of thyroid tissue can incorporate inorganic iodide 
into diiodotyrosine and thyroxine (1). When 300 mg. of thyroid slices 
were incubated for 2 hours in a Ringer’s medium containing radioactive 
inorganic iodide, as much as 60 per cent of the labeled iodine was organically 
bound, about 50 per cent as diiodotyrosine and about 10 per cent as thy- 
roxine. This in vitro reaction has provided a new and useful approach 
to the study of the biosynthesis of thyroxine. Thus, it was used to 
determine the mechanism by which the prolonged administration of the 
sulfonamides produces an enlargement of the thyroid gland, a hypertrophy 
that is characterized by hyperplasia and a loss of colloid. It was shown 
that at concentrations of 10-* m sulfanilamide, sulfapyridine, sulfathiazole, 
and sulfaguanidine depressed the synthesis of radiodiiodotyrosine and 
radiothyroxine (2). These compounds therefore act directly on the con- 
version of inorganic iodide to diiodotyrosine and thyroxine by thyroid 
tissue. p-Aminobenzoic acid and p-aminophenylacetic acid, because of 
their structural similarity to the sulfonamides, were also tested and found 
to be inhibitors (3). 

In view of the importance of these findings to an understanding of the 
mechanism of biosynthesis of thyroxine, it became of interest to determine 
the structural part of the above molecules essential for their inhibitory 
action. Hence in the present investigation forty compounds structurally 
related to either sulfanilamide of p-aminobenzoic acid have been tested 
for their effects on in vitro formation of thyroxine and diiodotyrosine. 


EXPERIMENTAL 


The procedures employed here have been described in earlier reports 
(1-3). Solutions of all compounds were prepared of such strength that 
by the addition of 0.1 cc. of these solutions to a 3.0 cc. volume of the bi- 
carbonate-Ringer’s solution a concentration of 10-* Mm was obtained. With 


* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council. 
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the exception of tyrosine, all compounds were tested at a concentratiq 
of 10-*m. In the case of slightly soluble compounds it was found necessay 
to heat their solutions in order to obtain the desired concentrations, and 
in such cases 0.1 ec. of the hot solution was added to the radioactive Ring. 
er’s solution. The solutions of the compounds tested were adjusted ty 
pH 7.0 to 7.5 before their addition to the buffered Ringer’s medium, 


Results 


Aminobenzenesulfonic Acids and Amides and Compounds in Which 
Their Free Amino Group Has Been Replaced or Modified—The extent tp 
which p-, m-, and o-aminobenzenesulfonic acids and amides inhibited 
the conversion of radioactive inorganic iodide to thyroxine and diiodo. 
tyrosine by thyroid slices is shown in Table I. The para and meta isomer 
of the acid and amide were found to be quite active as inhibitors, the o- 
tho compounds much less so. 

No inhibitory effects were observed for either benzenesulfonamid 
or benzenesulfonic acid, compounds that contain no free aromatic amino 
groups. 

Blocking of the primary amino group in sulfanilamide by an acetyl 
radical (N*-acetylsulfanilamide) resulted in considerable loss of activity. 
Replacement of the free amino group by a hydroxyl radical (p-hydroxy- 
benzenesulfonamide) led also to a decrease in activity. 

Aminobenzoic Acids and Amides and Compounds in Which Their Fre 
Amino Group Has Been Replaced or Modified—The ortho, meta, and par 
isomers of aminobenzoic acid were found to be about equally active (Table 
I). Only a single amide was tested, namely p-aminobenzamide; it in- 
hibited thyroxine and diiodotyrosine to the same degree as the above acids. 

The removal of the amino group (benzoic acid) led to practically complete 
loss of inhibitory action. 

The introduction of a hydroxyl group in the position para to that of the 
carboxyl radical in the benzoic acid molecule (p-hydroxybenzoic acid) 
conferred inhibitory activity, but the inhibition observed with this com- 
pound was less than that of the corresponding amino compound. 

Blocking of the free amino groups of aminobenzoic acids by introduction 
of an acetyl radical resulted in considerable loss of activity. Acetyl 
p-aminobenzoic acid showed practically no inhibition in the formation 
of thyroxine. Acetyl-o-aminobenzoic acid (N-acetylanthranilie acid) 
was found to be only weakly inhibitory. 

Compounds Related to Aniline and Phenol—Aniline strongly inhibited 
the incorporation of inorganic iodide to diiodotyrosine and thyroxine. 
Little or no decrease in inhibitory activity was produced by substituting 

in the para position one of the following: a methyl group (p-toluidine), 
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an acetic acid side chain (p-aminophenylacetic acid), a hydroxyl group 
(p-aminopheno! ), or another amino group (p-phenylenediamine). The 
introduction of a nitro group (p-nitroaniline), however, did depress in- 
hibitory activity considerably. 


Taste I 

Effect of Compou nds Related to Sulfanilamide and p-Aminobenzoic Acid on Formation 
of Thyroxine and Diiodotyrosine 

All compounds were tested at a concentration of 10-' m except /-tyrosine for 

which the concentration was 5 X 10M. 





























Per cent inhibition | Percent inhibition 
Compound Thvrox. | Diiodo- Compound Diiodo- 
PaO | yrosine | TAYFOX | tyrosine 
mation tine «| mation tion 
ae at nA 
Sulfanilic acid 33 43 |p-Toluidine | 2 | 62 
Sulfanilamide 47 58 |N-Acetyl-p-toluidine | 8 | 8 
Metanilic acid 37 | 36 |N,N-Dimethyl-p-tolui- | 83 | 82 
Metanilamide S4 85 | dine 
Orthanilic acid 13 14. |p-Nitroaniline | 20 0 
Orthanilamide 10 2 | p-. Aminophenylacetic acid) 65 63 
Acetylsulfanilamide 18 10 |p-Phenylenediamine 74 74 
Benzenesulfonamide 0 0 |p-Aminophenol 82 77 
p-Hydroxybenzene- | 10 16 |N-Acetyl-p-aminophenol | 57 | 51 
sulfonamide p-Nitrophenol 86 S4 
Benzenesulfonic acid 0 0 |Hydroquinone ; 80 79 
Toluenesulfonic ‘‘ 6 19 " mono- | 80 | 7% 
p-Aminobenzoic ‘“‘ 73 7$ methyl ether 
m-Aminobenzoic “‘ 71 73 |Hydroquinone dimethyl | 27 9 
o-Aminobenzoic ‘“‘ «68 63 ether 
(anthranilic acid) p-Hydroxyphenylglycine | 80 | 
p-Aminobenzamide | 84 |Ethyl p-aminobenzoate 82 | 8&7 
Benzoic acid a 6 (benzocaine) 
p-Hydroxybenzoic acid 53 53 |8-Diethylaminoethyl p-| 79 86 
N-Acetyl-p-aminobenzoic 0 9 aminobenzoate hydro- 
acid chloride (procaine | 
N-Acetyl-o-aminobenzoic, 20 | 24 hydrochloride ) 
acid (N-acetylanthra- l-Tyrosine | See 
nilic acid ) Taurine 0S feat 
Aniline | 75 | 81 |dl-Phenylalanine ie ie ah 
Acetanilide | 78 | 75 |Sulfamiec acid frig: @ 








As noted above, inhibition to the extent of 80 per cent was found in 
the case of p-aminophenol. Little or no effect on the inhibitory activity 
was produced when the amino group was replaced by either a nitro group 
(p-nitrophenol), a methoxy group (hydroquinone monomethyl ether), 
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a glycine side chain (p-hydroxyphenylglycine), or another hydroxy grow 
(hydroquinone). 

It was shown above that acetylation of the amino group of sulfanilamide 
and of p-aminobenzoic acid greatly reduced their inhibitory activitie, 
This effect of acetylation is further borne out by comparing the inhibitory 
activities of p-aminophenol and acetyl-p-aminophenol. An _ inten 
inhibition (about 80 per cent) of diiodotyrosine and thyroxine formatig, 
by thyroid slices was observed in the presence of p-aminophenol and about 
50 per cent in the presence of the same concentration of acetyl-p-amino 
phenol. 

In contrast to the above findings it is of interest to note that acetylatia 
of the amino group of aniline or of p-toluidine resulted in no depression 
of activity. Acetanilide and acetyl-p-toluidine inhibited diiodotyrosine 
and thyroxine formation to the extent of about 80 per cent. 

Modification of the amino group of p-toluidine by the introduction o 
two methyl groups (dimethyl-p-toluidine) also failed to interfere with 
its inhibitory activity. 

The results obtained with hydroquinone and its monomethyl ether 
on the one hand and hydroquinone dimethyl ether on the other hand 
provide a striking contrast in activity. Substitution of one of the hydroxyl 
groups of the hydroquinone molecule by a methoxy group led to no los 
in inhibitory activity. When, however, both hydroxyl groups wer 
replaced by methoxy groups, the resulting compound had but little in 
hibitory action. 

Esters of p-Aminobenzoic Acid—These compounds are of interest becaus 
they are derivatives of p-aminobenzoic acid in which the carboxyl group 
has been esterified but the primary amino group has not been changed. 
The results show that modification of the carboxyl group does not affect 
inhibitory activity. Thus ethyl p-aminobenzoate (benzocaine) and 
8-diethylaminoethyl p-aminobenzoate hydrochloride (procaine hydr 
chloride) were found to be highly inhibitory. 

The presence of 5 X 10~ M l/-tyrosine or of 10-* m dl-phenylalanine 
in the medium had little or no effect on the formation of radiodiiodotyrosine 
or radiothyroxine. When tested at a concentration of 10 m, the aliphatic 
aminosulfonic acid, taurine, and the amide of sulfuric acid, sulfamie 
acid, also failed to show inhibitory action. 


DISCUSSION 


In 1943 Astwood tested 106 compounds for their goitrogenic activity 
(4). They were administered either with the food or with drinking water 
for 10 days, and the resulting degree of enlargement of the thyroid gland 
and proliferation of its acinar cells was used as a measure of inhibition 
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of thyroid function. It is interesting to compare the results obtained 
by this approach to thyroid activity with those provided by a procedure 
in which thyroid activity was determined by the rate at which surviving 
thyroid slices converted inorganic iodide to diiodotyrosine and thyroxine. 
Those compounds tested here which previously were judged by Astwood 
to be goitrogenic also inhibited the in vitro incorporation of inorganic 
jodide into diiodotyrosine and thyroxine. But many compounds that 
failed to produce gross or histological changes in the thyroid gland when fed 
to the intact rat proved to be very active inhibitors of the in vitro formation of 
thyroxine and ditodotyrosine. These included p-aminophenol, aniline, 
p-phenylenediamine, ethyl p-aminobenzoate, sulfanilic acid, and procaine. 
That these compounds, when ingested by the intact animal, are modified 
or changed before reaching the thyroid gland would appear to offer a 
satisfactory explanation for the discrepancy in the results obtained by the 
two methods. 

Astwood postulated that compounds related to aniline are goitrogenic 
because of their structural similarity to tyrosine, and he suggested that 
aniline derivatives compete with diiodotyrosine for the enzyme systems 
responsible for its conversion to thyroxine (4). No support for this view 
is offered by the results of the present investigation. These compounds 
inhibited the synthesis of diiodotyrosine as well as that of thyroxine. 
If competition for the enzyme system that converts diiodotyrosine to 
thyroxine were the only mechanism involved, the observed degree of in- 
hibition of the conversion of inorganic iodide to diiodotyrosine would 
not have occurred. 

An examination of the results obtained here on the effects of closely 
related groups of aromatic compounds on the formation of thyroxine and 
diiodotyrosine permits of the following general conclusions concerning 
the requirements for inhibitory activity: 

1. A free aromatic amino or free aromatic hydroxyl group favors in- 
hibitory activity. Blocking of the amino group by acetylation reduces 
inhibitory properties in many instances. The presence of such radicals 
as the sulfonamide or the carboxyl confers no inhibitory properties. 

2. The various isomers of aminobenzene sulfonic acid and of amino- 
benzenesulfonamide do not exhibit equal activities. The ortho isomers 
were least effective as inhibitors. 

As a result of their investigations of the retardation of rancidity of 
fats by thiourea and other sulfhydryl compounds, Gyérgy et al. (5) postu- 
lated that antioxygenic activity might explain the goitrogenic action of 
the sulfonamides and of p-aminobenzoic acid, as well as of thiourea and 
its derivatives. No experimental evidence, however, was offered in support 
of this view. This hypothesis is of interest here, for there appears to be 
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. correlation between the ease of oxidizability of compounds tested here 
and their capacity to stop the in viiro incorporation of inorganic iodide 
into diiodotyrosine and thyroxine. This is suggested by the following 
observations. (1) Many of the very active inhibitors contain either a 
free aromatic amino or hydroxyl group, structures that are conducive 
to oxidation. (2) Stabilization of the amino compounds either by acetyl- 
ation or by elimination of the amino group reduces their inhibitory prop- 
erties. (3) Hydroquinone and its monomethy! ether, both of which 
contain free phenolic groups and hence are easily oxidizable, are very 
active inhibitors. Hydroquinone dimethyl] ether (in which both hydroxy 
groups are blocked, so that it is resistant to oxidation) had but little effect 
on the rate at which inorganic iodide is converted to thyroxine and diiodo- 
tyrosine. 

The above considerations suggest that compounds shown to be inhibitory 
in the present study act by interfering with some oxidative step essential 
in the incorporation of inorganic iodide into diiodotyrosine and thyroxine. 
Since inorganic iodide must first be oxidized before it is organically bound 
(6, 7), it is possible that this is the oxidative step interfered with. If 
the incorporation of inorganic iodide into diiodotyrosine is a preliminary 
step in the formation of thyroxine, an interference in the oxidation of 
inorganic iodide would provide a satisfactory explanation for the interesting 
finding that all inhibitors interfered to about the same extent with both 
diiodotyrosine and thyroxine formation by thyroid slices. 

The results obtained with several compounds do not support the view 
that inhibitory properties of a compound depend entirely on ease of oxidiz- 
ability. Among these are acetanilide and acetyl-p-toluidine, both of 
which are quite resistant to oxidation. The inhibitory activities of these 
two compounds, however, might find an explanation in an enzymatic 
release of their amino groups by thyroid tissue. 

These discrepancies, however, need not invalidate the general thesis 
expressed above. Differences in the rate of penetration of compounds 
into tissue slices may account for some of the discrepancies. Moreover, 
until such time as the reactions involved in the conversion of inorganic 
iodide to thyroxine are understood, there is need to guard against the 
assumption that all inhibitory compounds interfere with the same or even 
a single reaction. 

SUMMARY 


1. Forty compounds structurally related to the sulfonamides and amino- 
benzoic acid were tested for their effects on the in vitro conversion of 
radioactive inorganic iodide, I'*', to thyroxine and diiodotyrosine by sur- 


viving thyroid slices. 
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2. A free aromatic amino or hydroxy! group favored inhibitory activity. 
Blocking of the amino group by acetylation reduced inhibitory properties. 
The presence of such groups as the sulfonamide, the sulfonic acid, or the 
carboxyl was found to be unrelated to activity. 

3. There appears to be a definite correlation between ease of oxidizability 
and inhibitory activity among the compounds tested. 
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THE REGENERATION OF LIVER PROTEIN IN THE RAT* 
By HELEN C. HARRISON anv C. N. H. LONG 
(From the Department of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, September 26, 1945) 


The liver weight in the rat rapidly decreases during short periods of fast- 
ing or feeding diets low in protein. Part of this loss in weight is due to the 
disappearance of liver protein, and the rate at which liver protein is lost 
is much greater than that of any other tissue thus far studied (1,2). Early 
theories that the protein lost was a special storage or deposit protein have 
not been confirmed (3), and recent results indicate that the protein repre- 
sents actual liver cytoplasm (4). The rapidity with which liver protein 
disappears during fasting and is restored with protein feeding (5) suggested 
that the rate of regeneration of this tissue protein might be used as a basis 
for the assay of the nutritional adequacy of proteins. Kosterlitz (4) found 
that the liver nitrogen in the rat, expressed in terms of body weight, was a 
function of the amount of protein fed as well as the type of protein. He 
offered the suggestion that, ‘The changes in cytoplasmic substance may 
also be determined, with a high degree of approximation, by estimating the 
non-glycogen non-lipin solids. This method may lend itself to a rapid 
assessment of the biological values of proteins.” 

In the present studies the effect of feeding various proteins on the re- 
generation of liver protein of the rat after fasting was determined. Pro- 
teins, the nutritional value of which had been tested by classical methods 
of assay, were chosen for these experiments. 

Male rats of the Sprague-Dawley strain were used in these studies. 
They were kept on a stock synthetic diet for at least 1 week before the ex- 
perimental period, and rats which had attained a body weight of 250 to 
280 gm. were chosen. The composition of the diet is as follows: casein 20, 
’ eorn-starch 42, Crisco 24, cod liver oil 2, yeast 8, and Osborne and Mendel 
salt mixture! 4 per cent, respectively. The rats were fasted 48 hours and 
then fed synthetic diets containing the protein to be.tested. All of the 
experimental diets were isocaloric with the stock diet. In the instances 
in which fewer calories were furnished by protein, the carbohydrate was in- 
creased proportionately. 12 gm. of diet were given on the Ist day of re- 
feeding and 10 gm. on the subsequent 3 days. These amounts were found 
to be approximately the quantities which rats fed diets containing poor 
proteins would consume. The only variable among the diets was the type 

*This work was assisted by a grant from the Shaffer Fund, Yale University 


School of Medicine. 
1 Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37, 572 (1919). 
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546 REGENERATION OF LIVER PROTEIN 
of protein used. Yeast protein, amounting to 3.9 per cent, was present 
in all of the diets. 

At the end of the refeeding period, the animals were anesthetized with 
nembutal and exsanguinated from the abdominal aorta, in an attempt to 
obtain the livers with a minimum and relatively uniform residual amount 
of blood. The whole liver was removed, weighed in a drying dish, and 
dried to constant weight at 95°. The dried liver was then ground to a fine 
powder and aliquots taken for total nitrogen and total fat. Nitrogen was 
determined by the micro-Kjeldahl method. Total lipids were determined 
in the following manner. The dried powder was extracted for 1 hour witha 
3:1 aleohol-ether mixture, filtered, the solvent evaporated off, and the 


TABLE I 


Rate of Regeneration of Liver Protein Following 48 Hour Fast 


Body weight Liver nitrogen 


Group a “ie Liver nitrogen over fasting 
gm meg. per 100 gm. mg. per 100 gm 
Controls 13 120 + 2.4* 
Fasted 48 hrs. 9 82 + 1.6 
Refed 20°% casein diet 
1 day 5 +12 96 + 3.7 +14 
2 days 5 +12 98 + 2.0 +16 
_ 5 +16 105 + 0.9 +23 
is 7 +24 105 + 1.8 +23 
Refed 20°, gelatin diet 
1 day 3 +12 89 + 3.8 +7 
2 days 3 +5 92+ 1.5 ° +10 
os. * 3 +5 80+ 1.5 —2 
4.7 4 —2 85 + 3.5 +3 


| 
| 


* Mean + standard error of the mean. 


residue reextracted with petroleum ether. The petroleum ether extract 
was filtered through a fat-free thimble, the petroleum ether removed by 
heating in a stream of air, and the petroleum ether-soluble material weighed. 

A preliminary group of experiments was carried out to determine the 
optimal length of time for refeeding after the 48 hour fasting period. For 
this purpose both a protein known to be adequate in its amino acid com- 
position, casein, and a grossly inadequate one, gelatin, were tried. The 
animals were fasted 48 hours and sacrificed 1, 2, 3, and 4 days after refeed- 
ing was begun. The results of these experiments are shown in Table | 
Under the particular experimental conditions used in these studies, the 
loss in liver nitrogen after a 48 hour fast was approximately 32 per cent d 
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the original nitrogen content, confirming previous observations on the 
rapidity and extent of loss of liver protein. The control group consists of 
rats which had been on the stock synthetic diet for at least 1 week and sacri- 
ficed without any period of fast. All values are expressed in terms of mg. 
per 100 gm. of body weight. The reference weight used in the calculation 
for the fasted and refed animals is the body weight immediately before the 
fast. 

The loss of body weight during the 48 hour fast was extremely constant 
in all groups of rats and was approximately 24 gm. After 4 days of feeding 
of the casein diet, the rats had regained their initial body weight, whereas 
the animals on the gelatin diet had begun to lose more weight. In the 
casein group, at the particular intake of nitrogen and calories chosen, the 
liver nitrogen had reached a plateau after 3 to 4 days of refeeding. After 
a similar period of feeding of the gelatin diet, the liver nitrogen value was 
approximately the same as in the fasted animals. 4 days of refeeding after 
the fast seemed to be an adequate period of time to reveal the difference 
between an adequate and a grossly inadequate protein in the effect on the 
rate of regeneration of liver protein. In succeeding experiments, therefore, 
various proteins were incorporated into the basic diet and fed for a standard 
period of 4 days following the 48 hour fast. 

The effect of feeding diets containing various proteins on the regeneration 
of liver protein is shown in Table II. The nutritive value of the proteins 
tested has been studied by other methods by many investigators. Several 
of these proteins were fed at different levels in the diet. The amount of 
protein fed is given (Table II) as the total amount of protein per 100 gm. of 
body weight ingested by the animals during the entire refeeding period of 4 
days. Casein and lactalbumin are seen to be identical with respect to their 
ability to promote liver protein regeneration. The feeding of diets con- 
taining 10 per cent of these proteins, supplying 1.5 gm. of protein per 100 
gm. of body weight for the refeeding period, did not produce any signifi- 
cant increase in the liver protein above the amount found in the fasted rats. 
When the protein intake was doubled, the animals regained the body weight 
lost during the fast, and there was a considerable increase in liver nitrogen, 
but the values found were still below those of the controls. Only when 
diets containing 40 per cent of these proteins were fed for the 4 day period, 
supplying a total of 6.3 to 6.4 gm. of protein per 100 gm. of body weight, 
did the liver nitrogen increase to the prefasting levels. Body weight gain 
in this group was no greater than that in animals fed the 20 per cent 
protein diet. 

In striking contrast to the results obtained with these adequate proteins 
are the findings in the rats fed gelatin. At all levels of protein intake there 
was practically no regeneration of liver protein. In the group fed the gela- 
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tin diet at the 40 per cent level, the total amount of 42 gm. of diet was not 
taken by some of the animals. The total protein and caloric intake was, 
therefore, somewhat lower in this group than in the comparable groups fed 
the casein and lactalbumin diets. The animals fed the gelatin diets did not 
regain any of the weight lost during the fasting period. 

When diets containing 40 per cent of the vegetable proteins, zein and 
gliadin, were fed, the quantity of liver nitrogen at the end of the 4 day 
refeeding period was significantly less than that found when comparable 


TaBLe II 


Influence of Amount and Type of Protein Fed on Liver Protein 





il Liver nitrogen 
No. of Body weight increment 








Group rats —_ Liver nitrogen over fasting 
level 
gm. mg. per 100 gm. meg. per 100 gm. 
Controls 13 120 + 2.4* | 
Fasted 9 82 + 1.6 
Casein diets 
1.5 gm. per period g +8 84+ 1.6 Sa 
Berri: © a: 7 +24 105 + 1.8 +23 
—- = ~ 6 +21 120 + 4.0 +38 
Lactalbumin diets 
1.5 gm. per period 5 +10 85 + 3.8 +3 
—_™ " ye +23 102 + 1.2 +20 
oe * e 6 +24 123 + 1.9 +41 
Gelatin diets 
1.6 gm. per period 4 +4 79 + 1.6 —3 
—- - 4 —2 85 + 2.2 +1 
—- “i: 6 +2 87 + 1.5 +5 
Zein diet, 6.4 gm. per period 7 +3 100 + 2.8 +18 
Gliadin diet, 6.4 gm. per period 6 +12 109 + 1.4 +27 
Whole egg protein diet, 3.3 gm. | 
per period 6 +19 103 + 1.5 +2 
7 99 + 1.3 +17 


Liver diet, 3.3 gm. per period 6 +17 


* Mean + standard error of the mean. 


amounts of casein or lactalbumin were given. Appreciable regeneration of 
liver protein occurred, in contrast to the lack of restoration of liver protein 
in the animals fed the gelatin diet at the same level of protein intake. The 
gain in body weight was less than that in the groups on the casein and lactal- 
bumin diets. The quantity of liver nitrogen in the rats fed gliadin was 
slightly, but significantly, higher than in the group fed zein (p = 0.02)? 
The gain in body weight was also significantly greater in the gliadin-fed 
rats than in the zein group (p < 0.01).* 


2 Determined from Fisher’s table of ¢ for small samples (6). 
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In an attempt to determine whether rat liver protein would be more 
efficient in producing liver protein regeneration than casein or lactalbumin, 
dried rat livers from the various groups of animals were pooled and ex- 
tracted with ether in a Soxhlet extractor. The fat-free residue was ana- 
lyzed for nitrogen, and a diet was prepared containing 20 per cent of liver 
protein (N X 6.25). The amount of liver nitrogen found in rats fed this 
diet was approximately the same as that found in the casein and lactal- 
bumin groups fed the same amount of protein. 

A diet containing 20 per cent of whole egg protein was made from dried 
whole egg powder. The fat content of the egg powder was determined and 

















TaBLe III 
Effect of Feeding Low Protein Diets on Liver Protein 
Group | Rat No. | Food intake | mer Liver nitrogen 
| | 
gm. | gm. mg. per 100 gm. 
Controls | | 120+ 2.4 
Fasted | | 82 + 1.6 
Basal low protein diet | 30 | 84 
i 79 
ae wae 97 
fp aggpeadis clay te cetagiag 86 
148 | 54 —11 71 
149 | 63 —21 80 
3.5% whole egg protein diet 99 | 119 +20 108 
| 101 106 +24 96 
102 93 +3 90 
103 116 +24 94 
3.5% egg white protein diet 100 110 +13 91 
| 104 150 +31 97 
3.5% lactalbumin diet w...i1. & —6 80 
_ itil 50 —12 81 
| 152 86 +12 81 











the amount of Crisco added was adjusted so that the total calories furnished 
by fat were the same as in the other diets. The increase in liver nitrogen 
in rats fed whole egg protein was the same as in the animals given casein 
or lactalbumin at a similar level. 

Further experiments were carried out to determine the effect of very low 
protein intake on liver protein. In these studies there was no period of 
fast; the animals were taken off the stock synthetic diet, offered the experi- 
mental diet ad libitum for 1 week, and then sacrificed. The results of these 
studies are shown in Table III. Values for individual rats are given, since 
the food intake varied widely. The liver nitrogen is expressed as mg. per 
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100 gm. of the body weight at the end of the experimental period. The 
food intake represents the amount of diet consumed during the entire week, 
The basal low protein diet was one in which the sole source of protein was 
8 per cent yeast powder, which on analysis was found to furnish 3.9 per 
cent yeast protein. The composition was as follows: corn-starch 62, 
Crisco 24, cod liver oil 2, yeast powder 8, and Osborne and Mendel salt 
mixture 4 per cent, respectively. Diets were made which contained 35 
per cent whole egg protein, 3.5 per cent egg white protein, or 3.5 per cent 
lactalbumin substituted for an equivalent weight of corn-starch. These 
latter diets, therefore, contained 3.5 per cent of the indicated protein plus 
the 3.9 per cent yeas: protein, and were isocaloric with the basal diet. 

It may be seen that the liver nitrogen of rats fed for 1 week a diet con- 
taining as its sole source of protein 3.9 per cent yeast protein was decreased 
to values as low as those found in rats which had been fasted 48 hours. 
The amount.of body weight lost is related to the food consumption. When 
a diet containing 3.5 per cent whole egg protein, in addition to the 3.9 per 
cent yeast protein, w: s fed for 1 week, there also occurred a marked loss 
in liver nitrogen. Th’s loss in liver protein took place at a time when the 
animals were gaining weight. Similar results were obtained when egg 
white protein was fed at the same level. There was a marked loss of liver 
protein despite a substantial body weight increase. In the three rats fed the 
3.5 per cent lactalbumin diet the food consumption was considerably lower 
than in the egg protein groups. The amount of liver nitrogen was de- 
creased to the fasting level even in the one animal in which the food con- 
sumed was sufficient to permit gain in body weight. 

Croft and Peters recently reported that the addition of 2 per cent methio- 
nine to a low protein diet greatly reduced the nitrogen loss of rats which 
had been subjected to thermal burns (7). It was, therefore, of interest 
to test the effect of methionine in similar quantities on the regeneration 
of liver protein, with the method of assay described. The amount of liver 
protein in rats fed a 10 per cent casein diet for 4 days following a 48 hour 
fast was no greater than that found in rats sacrificed immediately after the 
period of fasting. When a diet containing approximately the same nitro 
gen content as the 10 per cent casein diet, but with 2 per cent of the casein 
replaced by 2 per cent dl-methionine, was fed, a significant increase in liver 
protein above the fasting level was noted (Table IV). A control group 
of animals was fed a diet containing the non-essential amino acid, alanine, 
at a 1.2 per cent level (furnishing the same amount of a-amino nitrogen & 
2 per cent methionine). It is clear that mere substitution of an a-amino 
acid for a corresponding amount of protein in this low protein diet does not 
result in an increase in the amount of liver protein. That the effect d 
methionine in increasing liver protein regeneration is not due to its réle it 
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furnishing methyl groups may be seen from the results obtained when a 
diet containing 10 per cent casein and 0.5 per cent choline chloride (the 
latter offering the same concentration of methyl groups as 2 per cent 
methionine) was fed. The amount of liver protein found in these rats was 
the same as in the group fed the 10 per cent casein diet. Moreover, the 
addition of 2 per cent of l-cystine to the low casein diet resulted, as with 
methionine, in a significant increase in liver protein above that found in the 
10 per cent casein group. Homocystine was prepared by Dr. J. Fishman, 
of this laboratory, according to the method of Butz and du Vigneaud (8), 
and 2 per cent of this amino acid was incorporated into the 8 per cent 
casein diet. Only three of the six rats fed this diet consumed the total 
amount of food offered, and the data on these animals are given. There 











TaBLe IV 
Influence of Sulfur-Containing Amino Acids upon Liver Protein 
‘Body weight 
Group ys yan | Liver nitrogen Liver fat 
refeeding 
a. : " , gm. | meg. per 100 gm. gm. per 100 gm. 

10% casein diet | 9 +8 | 84+ 1.6*| 0.140 + 0.008 
88% “ + 1.2% dl-alanine 6 +7 83 + 2.3 0.144 + 0.003 
8%  “ + 2% dl-methionine 5 +12 | 100+1.5 | 0.179 + 0.018 
% 2% I-cystine 8 +15 95 + 2.6 | 0.235 + 0.010 
8% ‘* + 2% homocystine 3 +12 | 90 | 0.259 
10% $j“ =+0.5% choline chloride 6 +13 84+ 1.5 0.142 + 0.007 
0% * 7 +24 105 + 1.8 | 0.191 + 0.008 
18% ‘ + 2% dl-methionine 5 +20 | 103 + 3.1 | 0.178 + 0.012 


i 





* Mean + standard error of the mean. 


appears to be some effect of this sulfur-containing amino acid on liver pro- 
tein regeneration, but this series needs to be extended. It is interesting 
to note that the quantity of liver fat was increased in the rats fed the cystine 
and the homocystine diets. An increase in liver fat in rats, produced by 
the addition of cystine to low protein, high fat diets, has been described by 
Beeston and Channon (9) and Tucker and Eckstein (10). The sulfur- 
containing amino acids are not the only limiting factor in liver protein 
regeneration, as is shown by the results obtained when 2 per cent dl- 
methionine was substituted for 2 per cent casein in the 20 per cent casein 
diet. The increase in liver protein during the 4 day period of feeding was 
no greater than that found when the 20 per cent casein diet, without added 
methionine, was fed. 

In the present studies the marked loss in liver weight associated with 
loss in liver protein during a 48 hour fast was noted, but it is evident that 














“UBOUI OY} JO 10110 paepuBys 7 UBOW , 
































82° 0 00Z°0 90¢ 0 | £8°Z O's | zt | 
90°0 98Z°0 90g°O | 161 b8°% IST 
oe'0 6620 oos'O | 22'S Ip Ost UTM [BIIB] 24¢"°E 
8z'0 6820 c09°0 | 09°% z8'e FOI 
820 81z'0 69¢°0 | 6r'S 19'e 001 » PLY BHO %r"g 
. 9T'0 0&2 '0 gse'O | ths o¢'s £01 
BS cI'0 £hI'0 19¢°0 62°% Ze ZO 
& 1z°0 SLI°0 009°0 £¢°% g9°¢ 101 
= 88°0 992° 0 | G19°0 80°¢ zo 66 ulajoid 4%a ajoym %E°e 
‘ 1Z°0 9620 | 00g "0 82% e's 6bI 
fa} Z1°0 6rLO | rrr 0 z8'1 09°% Srl 
: 8Z'0 Zoro | Leg" eh'z zoe 86 
“é Ot 9FZ 0 | 9090 0g 'Z 6¢°¢ 16 
S) G20 991°0 Por 0 Le°% 98°¢ 1g 
z, 20 L600 | 6z¢ 0 10% 62 °£ 08 QaIp uleyoid MO] [esUg 
£ | ON 184 
< ee — 
£1°0 600°0 * Sg1'0 | 600°0  OF¢'0 680°0 F 86°1 6110 F 98°% 9 IP UNVB[EF 70h 
4 c0'0 Z10°0 ¥ 2610 | &10°0 ¥F 192°0 190°0 ¥ 29°2 680°0 F 19° 9 | yIp UTUING[ByIB] %0F 
o c0'0 1100 F 681°0 | Sw OF LO | FLOO FOS Z bOL' 0 F ge'e 9 | yelp ulesvo %0b 
a 8000 F S10 | OOO F FICO | O80'O F 99'T 0F0'0 ¥F 8E°% 6 ‘say Sh pose 
0z°0 600°0 F 6610 | Slo OF chzO | I90'0 F 69% +'40°0 F 68°8 gl | s[01} 00K) 
— . | —— os _ eee 
waZ0dA[3 | ~~ i * 
pajyeunsy7 wey (S79 X N) UsI01g | J93EM WYyFIaM I9AV] | $}B1 JO “ON | dnoiy 


| | | 


*44310m Apog jo or 00 sod “wi Ul UBAIS O1B Sy[NSel OY, 
Jvav] fo uoywodmoy pun zyb1a 4 uo y01q7 fo aduanyfuy 
A a1avy 


8 





* Mean + standard error of the mean. 








H. C. HARRISON AND C. N. H. LONG 553 


the weight of the liver was only roughly related to the liver protein, ex- 
pressed in terms of body weight. The major liver components were, 
therefore, determined: water, fat, protein, and glycogen which was esti- 
mated by difference. In the fasted rat in which the glycogen content was 
assumed to be essentially zero, the sum of the water, protein, and fat ac- 
counted for 97.5 per cent of the total liver weight. The sum of the salts 
and undetermined organic substances other than glycogen was, therefore, 
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Fie. 1. The correlation between liver water and liver protein plus estimated glyco- 
gen. 


assumed to represent 2.5 per cent of the liver weight. In the animals fed 
the various diets the glycogen could be roughly estimated by the following 
formula. 


Glycogen = 0.975 X liver weight — (water +(N X 6.25)+ fat) 


In Table V these components of the liver weight are tabulated, and all 
values are expressed in terms of gm. per 100 gm. of body weight. The 
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means of the groups are given for the control fed animals, the rats fasted 
for 48 hours, and the animals refed after a 48 hour fast, diets containing 
40 per cent casein, lactalbumin, and gelatin respectively. The data for the 
individual rats which were fed low protein diets for 1 week without a pre- 
ceding fast are also given. In these studies the differences in liver fat are 
relatively unimportant in proportion to changes in total liver weight. The 
fluctuations in the estimated liver glycogen, however, are considerable, 
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Fic. 2. The correlation between liver water and liver protein 


and the loss of liver glycogen in the fasted animal is as important a factor 
in the reduction of liver mass as is the loss of liver protein. In rats refed 
40 per cent casein or lactalbumin diets after a 48 hour fast, the liver protein 
returned to the control values, but the total liver weight was significantly 
lower than that of the control, and it may be seen that the estimated liver 
glycogen was low in these animals. In the animals fed a 40 per cent 
gelatin diet very little increase in the liver protein over the fasting level was 
observed, but there were some deposition of liver glycogen and increase in 
liver weight. In a number of the rats fed the low protein diet for 1 week, 
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the liver protein was reduced to levels as low as that found in the 48 hour 
fasted group, but the liver weight was considerably higher than that seen 
in the fasted animals because of the retention of liver glycogen. The in- 
fluence of liver glycogen on liver weight is much greater than that due to 
the actual weight of glycogen in the liver, owing to the retention of water 
along with glycogen. This is shown by a comparison between total liver 
water and liver protein plus glycogen. The data for the individual animals 
of the groups listed in Table V are shown graphically in Figs. 1 and 2 with 
the corresponding correlation coefficients. There is a much better cor- 
relation between liver water and liver protein plus estimated liver glycogen 
than there is between liver protein alone and liver water. The linear na- 
ture of the former curve indicates that there was approximately the same 
amount of total liver water per gm. of liver glycogen present as per gm. of 
protein. These results are in agreement with the findings of Fenn on the 
relation of water and glycogen in the liver of rats (11). 


DISCUSSION 


From these studies it is evident that large quantities of an adequate 
protein must be fed before the liver protein, which has been lost during the 
48 hour fast, is restored. When diets containing 20 per cent casein or 
lactalbumin were fed for a 4 day period following the fast, the amount of 
liver protein present was still below the control value, although the rats 
regained the body weight lost during the fast. This suggests that liver 
protein is not restored to its original level until all of the body protein lost 
is replaced. A combined study of liver protein and accurate nitrogen 
balances would be required to prove this point. The lability of liver pro- 
tein is further illustrated by the findings in the animals fed the basal low 
protein diet supplemented by 3.5 per cent whole egg protein, egg white 
protein, or lactalbumin. Many of these rats showed a substantial gain in 
body weight during the time when liver protein was falling. 

The data indicate that the regeneration of liver protein in the rat follow- 
ing a fast can be used as a method of assay of dietary protein. Rats of a 
uniform strain and within a fairly narrow weight range were used in these 
experiments. Under these conditions the total liver nitrogen, expressed 
in terms of body weight, is quite uniform, as is the loss of liver nitrogen 
during a 48 hour fast. The rate of regeneration of liver protein following 
this period of fast is clearly dependent upon the amount and the amino 
acid composition of the dietary proteins fed. If the amount of protein 
fed is kept constant, the differences between various proteins can be 
strikingly demonstrated. No regeneration of liver protein takes place in 
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assay. A statistically significant difference can be demonstrated between 
zein and gliadin, the latter being superior to zein. Both zein and gliadin 
are definitely inferior to casein and lactalbumin in promoting liver protein 
regeneration. These findings agree with the conclusions of other investj- 
gators using different methods of assay of food proteins (12). 

In the present studies the amount of regeneration of liver protein ob- 
tained with casein and lactalbumin is identical. It has been shown, how. 
ever, that in the rat larger amounts of casein than of lactalbumin must 
be fed to produce comparable growth (13). A significant difference be. 
tween these proteins when tested by their influence on the regeneration of 
serum protein in the dog (14) has likewise been shown. The superiority of 
lactalbumin over casein as a food protein is a somewhat special case, since 
the deficiency of casein is due not to a lack of an essential amino acid but to 
a relatively low content of total sulfur-containing amino acids. In the 
growth experiments in rats the sulfur deficiency manifests itself only after 
a prolonged period of feeding. In the experiments involving serum pro- 
tein regeneration a prolonged period of protein depletion was used before 
the test protein was fed. During these long experimental periods the lower 
sulfur content of casein as compared with lactalbumin could be demon- 
strated. In the present experiments rats fed an adequate diet were fasted 
for 48 hours prior to the refeeding for 4 days of the proteins studied. With 
such a short experimental period it is not surprising that no difference 
between casein and lactalbumin could be demonstrated. 

The advantages of the determination of regeneration of liver protein asa 
method of assay of dietary protein are apparent. It is simple and rapid, 
and, with the precautions described, the uniformity of results is such that 
statistically significant differences can be demonstrated with small groups 
of animals. Further refinements of the technique are possible, particularly 
the substitution of crystalline components of the vitamin B complex for 
the yeast powder, thus eliminating yeast protein. The possible objection 
that the protein of a specific tissue, 7.e. liver, might not be representative 
of the total body protein is not a real one, inasmuch as the results show 
that complete restoration of liver protein does not occur until the total body 
protein is replenished. 

By the use of this method of assay, it has been possible to demonstrate 
that the addition of methionine or cystine to a diet containing an inadequate 
amount of a good protein, casein, will increase considerably the amount of 
liver protein regenerated after fasting. These results confirm the impor 
tance of methionine in protein synthesis demonstrated by Croft and Peters 
(7) by means of nitrogen balance studies in burned rats. Our results indi- 
cate further that the function of methionine in this process is not as a source 
of methyl groups, since the addition of choline to the same basal diet did 
not increase liver protein regeneration. It would appear that methionine 
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exerts its effect by virtue of its sulfur content, since cystine, and probably 
homocystine, acts similarly. 


SUMMARY 


1. A simple and rapid method for the assay of the nutritional adequacy 
of dietary protein is described, which is based on the regeneration of liver 
protein in the rat following a 48 hour fast. 

2. Gelatin, zein, gliadin, casein, and lactalbumin were among the pro- 
teins assayed. The complete inadequacy of gelatin can be demonstrated 
by this method, as by the older procedures of assay. Zein and gliadin are 
superior to gelatin but can be shown by this technique to be incomplete 
proteins when compared with casein and lactalbumin. A significant 
difference can be demonstrated between zein and gliadin, the latter being 
superior to zein. No difference is found between casein and lactalbumin 
with respect to their ability to stimulate liver protein regeneration. 

3. By the use of this method it has been shown that the addition of 
methionine or cystine to a diet containing an inadequate amount of casein 
will significantly increase the amount of liver protein regenerated after 
fasting. 


Addendum—Since the preparation of this manuscript, a note has appeared by 
Kosterlitz and Campbell (15) which further confirms the validity of the use of liver 
protein regeneration as an index of amino acid composition of fed proteins. These 
authors have shown that in rats fed for 7 days a zein diet supplemented with both 
tryptophane and lysine, there was no loss of liver cytoplasm as measured by the 
non-lipid, non-glycogen solids. When either tryptophane or lysine was added singly 
to the zein diet, there was a decrease in liver cytoplasm, but not as great as when a 
protein-free diet was fed. The addition of tryptophane appeared to be more effec- 
tive in sparing liver cytoplasm than lysine. 
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Braunshtein and his coworkers (1) in their now classical investigations 
discovered the process of transamination in animal tissues and plants, 
and laid the foundation for an understanding of the enzymatic mechanisms 
by which this process takes place. They were led by their experiments 
to postulate the existence of two transaminating enzymes which they 
called glutamic and aspartic amimopherases, respectively. The glutamic 
enzyme reversibly transferred the amino group of /-glutamic acid to the 
keto acids of each of a considerable number of amino acids. Similarly, 
the aspartic enzyme was specific for l-aspartic acid as the primary donor 
of an amino group. Later, Cohen (2) took up the investigation of trans- 
amination, using a specific analytical method for the estimation of glutamic 
acid. While he confirmed the main features of the process of transamina- 
tion as outlined by the Russian workers, he disagreed with them on the 
score both of enzyme specificity and the number of enzymes involved. 
Apart from alanine and glutamic and aspartic acids, Cohen found no 
other naturally occurring amino acid which underwent transamination at 
a significant rate. Furthermore, he was led to believe that glutamic and 
aspartic acids were dealt with by only one enzyme. He concluded that 
this enzyme was responsible for transamination between the pairs, glu- 
tamate-pyruvate and glutamate-oxalacetate. 

Much of the confusion and difficulty which have attended the study 
of transamination has been due either to inadequate analytical procedures 
or to procedures too laborious to permit the rapid testing of activity which 
is an essential preliminary to any successful enzyme study. In the present 
communication simple and rapid methods are described for the study 
of transamination. With the use of these methods we have been able 
to prosecute expeditiously the isolation of two transaminating enzymes 
from pig heart, each of which has been brought to a stage at which the 
bulk, if not all, of the protein present has transaminase activity. One 
of the enzymes catalyzes the reaction 


(1) Glutamic acid + oxalacetic acid = a-ketoglutaric acid + aspartic acid 





* This investigation was supported by grants from the Rockefeller Foundation, 
the Williams-Waterman Fund of the Research Corporation, the Lederle Laboratories, 
Inc., and the John and Mary R. Markle Foundation. 
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and will be referred to as the aspartic-glutamic transaminase. The other 
enzyme catalyzes the reaction 


(2) Glutamic acid + pyruvic acid = a-ketoglutaric acid + alanine 


and will be referred to as the alanine-glutamic transaminase. Thus both 
transaminases share glutamic acid or its keto acid as an obligatory member 
of a transaminating pair. They differ only in their specificity for the 
second member of the pair. We have found no evidence for the existence 
of the glutamic acid and aspartic aminopherases with the specificities 
postulated by Braunshtein and Kritsman (1). Furthermore, neither of the 
two enzymes which we have isolated can catalyze transamination between 
the pair, aspartic acid-pyruvic acid. This reaction is only possible in the 
presence of the two enzymes and with glutamic or a-ketoglutaric acid as 
catalyst. In other words, the reaction between aspartic acid and alanine 
is not direct but is rather a consequence of the two transaminating systems 
coming into equilibrium with one another. 


Aspartic-Glutamic Transaminase 


Assay of the Enzyme—The action of the aspartic-glutamic enzyme may be 
followed by determining the formation or disappearance either of oxal- 
acetic acid or of a-ketoglutaric acid. The formation or disappearance 
of oxalacetic acid can be followed either manometrically or spectrophoto- 
metrically. Finally, a-ketoglutaric acid can be readily oxidized to succinic 
acid by H,O, and then estimated manometrically by measuring the uptake 
of oxygen in the presence of the specific succinic oxidase. 

Regardless of which method is selected for assay of the enzyme, the 
relation between the amount of chemical change and the amount of enzyme 
is not linear, except at the beginning of the reaction. The transamination 
reaction is reversible and its rate becomes progressively slower as the 
equilibrium point is approached. This difficulty can be by passed (a) 
by working with such an excess of substrate that a measurable amount 
of chemical change does not alter the initial concentrations appreciably, 
(b) by selecting for estimation an amount of enzyme which lies on that 
portion of the enzyme-concentration curve which is more or less linear, 
and (c) by carrying out the estimation of the enzyme over a relatively 
short period of time. By observing these precautions, the assay of trans 
aminase can be made both accurate and consistent. 

Manometric Estimation of Oxalacetic Acid—Ostern (3) has described 4 
method of determining oxalacetic acid as CO, which depends upon the 
decarboxylation of the keto acid in the presence of a concentrated aqueous 
solution of aniline adjusted to pH 4.6. If one prefers to work at 38°, the 
error arising from the decomposition of oxalacetic acid during the equi 
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libration period can be eliminated by carrying out the transaminating 
reaction in which oxalacetic acid is formed, in the manometer cup, and then 
tipping the aniline reagent into the cup from a side arm. The CO; evolved 
represents both the CO, formed by decarboxylation of oxalacetic acid and 
the CO, initially present in the reaction mixture as bicarbonate. The CO, 
evolved from the control without transaminating enzyme should be equal to 
the bicarbonate CO, initially present in the reaction mixtures. The con- 
trol without the enzyme is preferred, since the enzyme solutions used are 
extremely dilute and the volume of enzyme solutions added is very small 
(< 0.1 ce.). Thus, in practice no error is involved in neglecting the 
bicarbonate CO, present in the enzyme solution. 

The following mixture was set up in a Warburg manometer cup: 0.50 
ce. of 0.2 m phosphate buffer of pH 7.3, 1.0 cc. of 0.2 mM aspartate, 0.50 
cc. of 0.2 M a-ketoglutarate (in one of the side arms), and 0.1 cc. or less 
of enzyme solution. After temperature equilibration was attained, the 
taps were closed and the a-ketoglutarate solution was tipped into the 
cup from the side arm. At the end of 10 minutes, 0.5 cc. of aniline citrate 
reagent! was tipped in from the second side arm or from the center well. 
Evolution of CO, was complete within 10 minutes of the addition of the 
reagent. 

Fig. 1 (Curve A) shows the relation between the amount of oxalacetic 
acid formed under the conditions mentioned above and the amount of 
enzyme. We have arbitrarily defined as a unit of transaminase activity 
an amount of enzyme which produces an amount of oxalacetic acid 
equivalent to 100 c.mm. of CO, in 10 minutes at 38°. It appears that 
the best range for assay lies between 0.2 and 1.5 units. If the amount 
of oxalacetic acid formed is known, the amount of enzyme in transaminase 
units can be read directly from the curve. 

For a given concentration of transaminase the amount of oxalacetic 
acid formed depends markedly upon the initial concentrations of aspartate 
and a-ketoglutarate. Thus Curve B of Fig. 1 deseribes the relation when 
the concentrations of substrates were increased 2.5 times those obtaining 
for the standard curve, A. The importance of adhering rigorously to 
fixed initial concentrations of substrates becomes obvious. 

Spectrophotometric Estimation of Oxalacetic Acid—The light absorption 
curves of a-ketoglutaric, pyruvic, and oxalacetic acids are shown in Fig. 
2. In the transformation of 1 micromole per cc. of a-ketoglutaric acid to 
glutamic acid and of 1 micromole of aspartic acid to oxalacetic acid at 
pH 7.3, the density reading at 280 my increases by 0.438 when the light path 
is10mm. Neither aspartic nor glutamic acid absorbs measurably at this 


' The aniline citrate reagent was prepared by mixing equal partsof aniline and a 
solution of citric acid made up by dissolving 50 gm. of citric acid in 50 ce. of water. 
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Fic. 1. Oxalacetic acid formation as a function of the concentration of aspartic- 
glutamic transaminase. The initial concentration of reactants in the experiments 
which make up the points of Curve A were 1.0 cc. of 0.2 M aspartate, 0.5 cc. of 0.2™ 
a-ketoglutarate, and 0.5 ec. of 0.2 mM phosphate buffer of pH 7.3. The experiment was 
begun after temperature equilibration in the bath at 38° by tipping in the aspartate 
solution fromasidearm. After 10 minutes0.4 cc. of aniline citrate reagent was tipped 
in from the center pot and the CO, evolution measured. In the experiments whieh 
make up the points of Curve B the initial concentrations of substrate were 2.5™ 
higher than in the corresponding experiments of Curve A. 


wave-length. The value 0.438 represents the difference between the 
absorption of oxalacetic acid and that of a-ketoglutaric acid. Fig. 3 shows 
the course of the reaction when oxalacetic acid either is formed or dis 
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The spectrophotometric method? makes it possible for the first 
time to follow the process of transamination almost continuously. The re- 
action under the conditions outlined in the legend of Fig. 3 is linear for 
about the first 10 minutes and then progressively decreases to zero as 
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Fic. 2. Light absorption spectra of pyruvate, oxalacetate, and a-ketoglutarate. 
The ordinates represent extinctions (log J/I in a 1 em. cell) at pH 7.3 and for the fol- 
lowing concentrations of keto acid, oxalacetate (@) 1 micromole per cc., a-ketogluta- 
rate(O) 10 micromoles per cc., pyruvate (©) 10 micromoles per cc. 


the equilibrium point is approached. Oxalacetic acid decomposes spon- 
taneously at an appreciable rate under the conditions of pH and tempera- 


* The main drawback we have found to the more extensive use of the spectrophoto- 
metric method is the lack of provision for temperature control in the present model of 
the Beckman spectrophotometer. However, the National Technical Laboratories 
are in process of producing a unit for temperature control of the compartment housing 
the absorption cells. Given adequate temperature control, the spectrophotometric 
method would certainly be the method of choice for following the kinetics of aspartic- 
glutamic transaminase. 
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ture of the spectrophotometric test. It therefore becomes necessary 
either to correct for the spontaneous decomposition by running a control 
containing oxalacetic and all other components except the enzyme, 
to insure the rapid attainment of the end-point within a few minutes afte 
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Fig. 3. The formation and disappearance of oxalacetate followed spectrophoto- 
metrically at 280 my in the glutamic-aspartic transaminase system. The curve 0 
represents the formation of oxalacetate. The reaction mixture consisted of aspartate 
(10 micromoles per cc.), phosphate buffer of pH 7.3 (0.033 m), enzyme, and a-ketogluta- 
rate (10 micromoles per cc.) which was added at time zero. The length of the absorp- 
tion cell was 1 em. The curve O represents the disappearance of oxalacetate. The 
reaction mixture consisted of glutamate (8 micromoles per cc.), phosphate buffer of 
pH 7.3 (0.033 m), enzyme, and oxalacetate (3.7 micromoles per ec.) which was added at 
time zero. The curve @ represents the decomposition of oxalacetate (3.7 micromoles 
per ec.) at pH 7.3 in the presence of 0.033 m phosphate buffer. 


the run has started by using larger amounts of enzyme. In the latter case 

the error due to the. instability of oxalacetic acid can be neglected. 
Manometric Estimation of a-Ketoglutaric Acid—The sample of a-keto- 

glutarate should not exceed 2 cc. and should not contain more than 3 
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micromoles. ‘The sample under test (previously boiled to inactivate any 
catalase, if this is present) is introduced into a test-tube and 0.2 cc. of 
3per cent H,O,isadded. The oxidation is allowed to proceed for 10 minutes 
at room temperature. 1 drop of paraffin oil is added (the use of capryl 
aleohol is to be avoided because it inhibits the succinic enzyme), and then 
a drop of a concentrated solution of catalase. When the foaming has 
stopped, the tube is heated in a boiling water bath for 3 minutes. Then 
a 2 ce. aliquot is transferred to a Warburg manometer cup containing 
0.2 ec. of 6 N sodium hydroxide in the center well, 0.5 cc. of a concentrated 
preparation of succinic dehydrogenase in the side arm, and 0.5 cc. of 
phosphate buffer of pH 7.3 in the main compartment of the cup. After 
temperature equilibration, the succinic enzyme is tipped into the main 
compartment and the oxygen uptake is recorded when no further change 
ensues (usually 1 to 2 hours). 1 atom of oxygen is equivalent to 1 molecule 


TaBLeE I 
Estimation of a-Ketoglutaric Acid 











a-Ketoglutaric acid added | Oxygen uptake, observed Oxygen uptake, theory 
micromoles c.mm c.mm. 
10 104 112 
13.3 | 150 149 
16 186 179 
20 235 224 
20 228 224 
26.5 286 297 
30 336 336 








of a-ketoglutaric acid. Table I shows the results of some typical estima- 
tions of known samples of a-ketoglutaric acid by the above manometric 
method. 

Preparation of Reagents—The following preparations were used: suc- 
cinie enzyme (4), catalase (5, 6), lithium pyruvate (7), a-ketoglutaric 
acid (8), and oxalacetic acid (9). 

Preparation of Enzyme—Pig heart is the richest and most convenient 
source of glutamic-aspartic enzyme that we have found. The enzyme is 
stable indefinitely when the fresh hearts are kept frozen on dry ice and 
also in solution at all stages of purification. We have used as our index 
of purity the ratio of light extinction at 280 my in a 1 em. cell to the number 
of enzyme units per cc. (10). The conditions for measuring enzyme units 
are given in the legend for Curve A, Fig. 1. 

Preparation of Aspartic-Glutamic Transaminase—Pig hearts (10.2 
kilos) were minced finely and mixed with 4 volumes of water. The suspen- 
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sion was stirred for 30 minutes and then filtered through several layer 
of fine gauze. The residue was pressed out and washed with 2 liters of 
water. The combined filtrates (42.4 liters) contained 14.3 units per 
ce., purity index 0.42, total number of units 608,000. Ammonium sulfate 
(30 gm. per 100 ec.) was added and the precipitate filtered and kept for 
the preparation of the alanine-glutamic enzyme. The filtrate was treated 
again with ammonium sulfate (40 gm. per 100 cc.) and the precipitate 
was filtered through fluted papers. The papers were stirred in 3 liters of 
water and the mixture was filtered through layers of fine gauze. The 
residue was pressed out and washed several times with 0.4 liter of water, 
The combined filtrates had a volume of 5 liters, of which 1.6 liters repre. 
sented the volume of the ammonium sulfate precipitate. The neutralized 
solution contained 18.8 units per cc.,’ purity index 0.85, total number of 
units 94,000. 


TABLE II 


Determination of Optimum Amount of Gel lo Be Added 





Volume of gel added per volume | Enzyme units* per cc. corrected for Purity index® 
of enzyme solution dilution with gel z 
0 70 0.25 
0.5 70 0.097 
1.0 5b 0.086 
1.5 52 0.081 
2.0 1S 0.096 


* As defined in the text 


Ammonium sulfate (1.2 kilos) was stirred slowly into the enzyme solution 
to make the final concentration 46 gm. per 100 cc. The precipitate was 
filtered off through fluted papers and dissolved by the addition of 500 
ee. of water. The solution (640 cc.) containing 105 units per cec., purity 
index 0.45, total number of units 67,000, was heated to 60° in a boiling 
water bath and then filtered through fluted papers. The filtration is 
usually rather slow, requiring at least 12 hours for completion. The filtrate 
(500 ce.) contained 90 units per ec., purity index 0.25, total number of 
units 45,000. The enzyme solution was then dialyzed for 6 hours against 
running tap water in a Visking sausage casing, final volume 620 cc., 72 units 
per cc., purity index 0.25. 


* In testing dilute solutions of the enzyme containing considerable amounts o 
ammonium sulfate, the estimation may be in error owing to the inhibition of the 
enzyme activity by ammonium sulfate. This inhibition becomes apparent when the 
estimated number of units per ce. increases as the volume of the sample used for the 
test becomes smaller. Dialysis for 5 hours against running water suffices to reduce 
the level of ammonium sulfate below the inhibitory level 
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The dialyzed solution was then treated with tricaletum phosphate 
gel (11). A trial run to determine the optimum amount of gel to be added 
was carried out as indicated in Table IT. Hence the enzyme solution was 
mixed with 1.5 volumes of tricalcium phosphate gel. The supernatant 
fluid after removal of the gel by centrifugation was treated with ammonium 
sulfate (70 gm. per 100 ce.). The precipitate was filtered through fluted 
papers and dissolved by addition of 100 cc. of water. The concentrated 
solution of the enzyme was then fractionated by stepwise addition of 
ammonium sulfate into five fractions (Table IIT). Fraction IVa, con- 


TaBLeE III 


Fractionation of Concentrated Enzyme Solution 














Fraction No. Volume Units per cc. Purity index 
iieinte —_— Hy Sees . is rarren waite 
Ia 11.4 5 4.38 
Ila 12 15 1.18 
IIIa 25 4 0.25 
1Va 24 650 0.048 
Va 20.8 77 0.143 
TABLE IV 


Refractionation of Fraction IVa 





Fraction No. Volume Units per cc. Purity index 











Ib 10 32 (0.265 
Lb 10 | 156 0.135 
IIIb 10 | 89.5 0.108 
IVb 10 1060 0.043 
Vb 10 | 36 0.153 


taining 15,600 units with a purity index of 0.048, was again fractionated 
into five fractions with ammonium sulfate (Table IV). 

Fraction IVb, containing 10,600 units of purity index 0.043, was found 
in the Tiselius apparatus at pH 7.4 to contain three components with the 
following mobilities: 0.94, 2.87, and 4.90 X 10-*°sq. em. gm.~' sec.-'. These 
were separated, and activity was found to be associated with both the 
4.90 and 2.87 components of Fraction IVb which, respectively, accounted 
for 45 and 35 per cent of the total protein. The 0.94 component was 
found to be inactive. It should be pointed out that by using another 
and less satisfactory method of purification a different electrophoretic 
picture was obtained at the stage of purity index 0.043. In this case 
the ratio of the two components with velocities of 2.87 and 4.90 respec- 
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tively was 7:1 instead of 1.3:1 as above. Apparently the relative pr. 
portions of these two active components are determined by the method of 
purification. After electrophoretic separation of the 0.94 component the 
preparation of the enzyme has a purity index of 0.037, and appears homo. 
geneous in the ultracentrifuge. The fact that the aspartic enzyme occu 
in two forms of equal catalytic activity is not unique. The l-amino aeid 
oxidase has recently been shown to occur in the form either of a unit with 
a molecular weight of 120,000 or one of 480,000; these forms have identical 
catalytic properties (12). 

The first aqueous extract in the above preparation was found to contain 
608,000 units. Only 94,000 units were recovered after the solution was 
fully saturated with ammonium sulfate. The first precipitate (30 gm. 
per 100 cc.) contained only insignificant amounts of the enzyme. There 
is always some loss associated with the precipitation of an enzyme from 
a dilute solution by full saturation with ammonium sulfate, but in this 
instance 85 per cent of the initial activity is lost. We are inclined to the 
interpretation that the estimate of the amount of the enzyme in the first 
extract is fictitiously high. The basis for this interpretation is the change 
in the purity index before (0.42) and after (0.85) precipitation by full 
saturation with ammonium sulfate. One would expect the precipitated 
enzyme to be purer rather than less than half as pure as it was in the original 
extract. This discrepancy has yet to be explained. 

The initial amount of enzyme per 2 kilos of dry weight of pig heart 
muscle is about 750,000 units, allowing for the volume of the insoluble 
residue after making the first aqueous extract of the minced muscle. This 
amount of aspartic transaminase corresponds to 31 gm. or 1.6 per cent 
of the dry weight of muscle. If the estimate of the number of enzyme 
units in the first extract is too high, as suggested above, the estimate of 
the concentration of transaminase in the intact muscle would have to be 
lowered proportionately. 

Constants of Aspartic Transaminase—At the stage of purity index 0.037, 
1 mg. of enzyme is equivalent to 24 units. Since | unit represents an 
amount of oxalacetic acid equivalent to 100 e.mm. of CO, formed per 
10 minutes at 38°, the Q.., (the CO, equivalent formed per hour per mg. 
of dry weight of enzyme) is 14,400. On the basis of a molecular weight 
of 60,000 for glutamic-aspartic transaminase, calculated from the diffusion 
and ultracentrifuge data of Dr. D. Moore, each molecule of enzyme would 
catalyze about 640 transamination reactions per minute. Finally, the 
enzyme at the stage of purity index 0.037 in a concentration of 1 mg. per 
ce. in a 1 em. cell has an extinction of 1.07 at 280 mu. 

Specificity of Enzyme—The glutamic-aspartic transaminase is highly 
specific for the two naturally occurring dicarboxylic amino acids. Noe 
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other amino acid has been found to be active as a donor of amino groups 
to a-ketoglutaric acid. Alanine, leucine, serine, and methionine cannot 
replace aspartic acid. Glutamine and pyrrolidinecarboxylic acid cannot 
replace glutamic acid. Mesoxalic acid can replace oxalacetic acid, but 
the rate of transamination in the presence of mesoxalic acid is only a 
small fraction of that in the presence of oxalacetic acid. Similarly cysteic 
acid can replace aspartic acid, though again very feebly. 


Alanine-Glutamic Transaminase 


Assay of Enzyme—The activity of the alanine-glutamic enzyme may 
be followed by determining the formation or disappearance either of 
a-ketoglutaric acid or of pyruvic acid. The manometric estimation of 
a-ketoglutaric acid has been described above. 

Colorimetric Estimation of Pyruvic Acid—Straub’s method (13) consists 
of condensing pyruvic acid with salicylaldehyde in strongly alkaline 
solution to form a colored substance with.a light absorption peak at 440 
mu in the visible spectrum. Neither a-ketoglutaric acid nor oxalacetic 
acid reacts with the reagent under these conditions. 1 ec. of the pyruvic 
acid solution containing not more than 5 micromoles was mixed in order 
with 1.0 ec. of KOH solution (100 gm. plus 60 cc. of water) and exactly 
0.5 ec. of salicylaldehyde solution (2 per cent in alcohol). After 10 minutes 
incubation at 38°, the solution was made up to 25 cc. with water and the 
extinction at 440 mu was determined against a blank with all additions 
except pyruvic acid. Fig. 4 shows that a linear relation obtains for the 
range of concentrations investigated. 

For estimation of the activity of the enzyme a reaction mixture was 
set up consisting of 0.5 cc. of 0.2 m phosphate buffer of pH 7.3, 0.2 ce. 
of 0.2 m a-ketoglutarate, and enzyme solution in a volume not exceeding 
0.2 ec. The mixture was warmed in a water bath at 38° for 5 minutes. 
Then 0.2 ec. of m dl-alanine solution (also kept at 38°) was introduced and 
the transamination reaction allowed to proceed for 10 minutes, at which 
time the KOH solution was added. From then on the procedure is identi- 
eal with that described for the estimation of pyruvic acid. A blank with 
all additions except that of enzyme was included and the extinction of 
the experimental at 440 mu was measured against this reagent blank. Since 
the color of the salicylaldehyde-pyruvic acid condensation product is not 
stable, depending on factors which are not easily reproduced from one 
set of estimations to another, a pyruvic acid standard was run through 
the estimation procedure simultaneously with the experimentals. Fig. 5 
shows the relation between the amount of enzyme and the amount of 
pyruvic acid formed. An approximately linear relation obtains when 
the enzyme is added in an amount which does not produce more than 5 
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micromoles of pyruvic acid in 10 minutes under the conditions of the teg, 
We have arbitrarily defined as a unit of glutamic-alanine activity an amount 
of enzyme which forms 4.47 micromoles of pyruvic acid per 10 minute, 
This apparently odd quantity is equivalent to 100 c.mm. of COs: and thys 
the unit of activity is identical with that of the glutamic-aspartic enzyme 

Preparation of Enzyme—The unit of activity and the index of purity 
for the glutamic-alanine enzyme are defined in the same way as forthe 
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Fic. 4. Relationship between the light absorption at 440 my and the amount o 
pyruvic acid. Increasing amounts of lithium pyruvate were mixed with salicylalde- 
hyde in alkaline solution, as described in the text. The density readings were mate 


in a l em. cuvette at 440 mux. 


other transaminase. The glutamic-alanine enzyme is comparatively 
less stable in pig heart and occurs in lower concentrations. The precipitate 
formed by addition of 30 gm. of ammonium sulfate per 100 cc. in the first 
step in the purification of the glutamic-aspartic enzyme serves as the start- 
ing point of the preparation. 

Preparation of Alanine-Glutamic Transaminase—Fresh or frozen pig 
hearts (6.8 kilos) were minced finely and mixed with 4 volumes of water. 
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After being stirred for 30 minutes, the suspension was filtered through 
lavers of fine gauze. The filtrate (27 liters) contained 5 units per cc., 

rity index 0.94, total number of units 137,000. Ammonium sulfate 
was added (30 gm. per 100 cc.) and the precipitate was filtered off through 
futed papers. The papers were stirred in 1 liter of water and the mixture 
was filtered through layers of fine gauze. The residue of filter paper was 
pressed out and washed several times with water until the washings were 
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Fic. 5. Pyruvic acid formation as a function of the concentration of alanine-glu- 
tamic transaminase. The initial concentrations of reactants were 0.2 ec. of 0.2 mM 
a-ketoglutarate, 0.2 cc. of m alanine, and 0.5 cc. of 0.2 m phosphate buffer of pH 7.3. 
Total volume 1 cc., reaction time 10 minutes, 38°. 


colorless. The filtrate (1.11 liters) contained 72 units per cc., purity 
index 0.32, total number of units 80,000.‘ 

The above filtrate was neutralized to pH 7 with 6 N sodium hydroxide 
and rapidly heated to 60° in a bath of boiling water. The coagulum was 
removed by filtration or centrifugation and washed thoroughly with water. 
The turbid filtrate or supernatant was mixed with ammonium sulfate 


‘Cf. foot-note 3. 
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(30 gm. per 100 cc.). The precipitate was centrifuged down and redis 
solved by addition of 200 cc. of water. The enzyme solution is now suff. 
ciently concentrated to permit of fractionation by stepwise addition g 
ammonium sulfate. The solid reagent is added slowly with vigoroy 
stirring until a precipitate is formed. The precipitate is centrifuged dow 
and the supernatant fluid is again treated with ammonium sulfate. }) 
this manner three fractions were obtained, only the first of which (Fraction 
Ia) contained any appreciable amount of activity, volume 116 ce., 34 
units per cc., purity index 0.22, total number of units 45,000. 

The solution of Fraction Ia was dialyzed for 4 hours against running 
tap water and then for 12 hours at 1° against distilled water. The bulky 


TABLE V 


Refractionation of Fraction Ia 
































Fraction No. Volume Units per cc. Purity index Total No. of units 
ce. 
Ib 40 296 0.101 11,800 
IIb 18 480 0.087 8, 600 
TaBLe VI 
Refractionation of Fraction Ib 
Fraction No. Volume Units per cc. Purity index Total No. of units 
ce. 

Ib; 17 290 0.153 4900 
Ib. 17 270 0.071 4600 


Ib; 17 88 0.107 1500 


precipitate which formed on dialysis was centrifuged off and washed. 
The combined supernatant fluids (168 cc.) contained 208 units per ce. 
of purity index 0.098, total number of units 35,000. 

Stepwise fractionation with ammonium sulfate was now repeated. 
Four fractions were obtained, Fractions Ib, IIb, IIIb, and IVb, only two 
of which were active, viz., Fractions Ib and IIb (Table V). Fraction Ib 
was refractionated into three fractions with the results indicated in Table 
VI. Fractions Ibe and IJb were combined and refractionated into six 
fractions with ammonium sulfate (Table VII). Fractions IIe and Ile 
were mixed and refractionated with ammonium sulfate into five fractions 

if (Table VIII). Fractions Ild and IVd were separately fractionated inte 
three fractions each. The last two fractions of IId and the first fraction 
of IVd were combined with Fraction IIIb, and the resulting solution was 
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fractionated with ammonium sulfate for the fifth and final time into 
three fractions (Table IX). We have been unable to advance the purity 
of the enzyme beyond the stage of purity index 0.020 by chemical frac- 
tionation procedures. While the preparation of the enzyme at this stage 
appears homogeneous in the ultracentrifuge, two components can be seen 



































TaB_Le VII 
Combination and Refractionaticon of Fractions Ib, and IIb 
Fraction No. af Volume Units per cc. Purity index Total No. of units 
aig cc. | 
Ie 6 372 0.052 2200 
IIe 12 670 0.029 8000 
IIIc 11 576 0.039 6400 
IVe 11 85 0.195 940 
Ve | ll 0 2 0 
Vie 11 0 “x 0 
Tasie VIII 
Refractionation of Combined Fractions IIc and IIIc 
Fraction No. Volume Units per cc. Purity index Total No. of units 
| ce. eee 
Id 4 216 ‘ 0.067 865 
IId 4 712 0.0316 2850 
IIId | 4 950 0.0213 i. 3800 
IVd | 4 684 0.0344 2740 
Vd 4 70 0.25 280 
TaBLe IX 
Fractionation of Combined Fractions of Fractions IId and IVd 
Fraction No. Volume Units per cc. Purity index Total No. of units 
le 3 567 0.020 1700 
Ile 5 980 0.020 4900 


IIle 4.5 194 0.045 875 





in the Tiselius apparatus. An appreciable amount of the smaller and 
faster moving component can be separated after 12 to 24-hours from the 
othercomponent. The purity index of this electrophoretically homogeneous 
component was found to be 0.008. The second component was inactive. 

The initial yield of enzyme from 1.36 kilos of dry weight of minced 
heart muscle is 171,000 units. Since 107 units are equivalent to 1 mg., 
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the amount of alanine enzyme present initially is 1.6 gm. or about 0.12 
per cent of the dry weight of heart muscle. 

Constants of Alanine-Glutamic Enzyme—At the stage of purity index 
0.008, 1 mg. of enzyme is equivalent to 107 units (Q,., of 64,000). The 
activity per unit weight of the glutamic-alanine enzyme is therefore about 
4.5 times that of the glutamic-aspartic enzyme under comparable condi- 
tions. Assuming a molecular weight of 180,000, each molecule of the 
glutamic-alanine enzyme would catalyze 8600 transamination reactions 
per minute at 38° under the conditions of the standard test. This turn- 
over number is some 13 times greater than that of the glutamic-aspartie 
enzyme. 1 mg. of homogeneous enzyme per cc. in a 1 cm. cell has an ex- 
tinction at 280 muy of 0.86. 

Specificity of Enzyme—In the reaction between alanine and a-keto- 
glutarie acid, alanine can be replaced by a-aminobutyric acid, though 
the velocity is only a small fraction of that with alanine. N-Monomethyl- 
alanine, phenylalanine, valine, serine, methionine, leucine, a-aminovaleric 
acid, cysteic acid, and d-alanine cannot replace /-alanine. In the reaction 
between glutamic acid and pyruvic acid the latter can be replaced by 
a-ketobutyric acid and mesoxalic acid, while the former cannot be replaced 
by cysteic acid, glycyl cysteine, glutathione, pyrrolidonecarboxylic acid, 
acetylglutamic acid, leucine, methionine, glutamine, tyrosine, threonine, 
a-aminocaproic acid, lysine, phenylalanine, cystine, valine, and hydroxy- 
proline. : 

Equilibrium Constants—In the reactions between a-ketoglutarate and 
aspartate or alanine, an equilibrium is established, as was clearly shown 
by Kritsman (14) and Cohen (15). Using enzymes of the highest purity 
level, we have confirmed the approximate positions of the equilibria which 
Cohen reported for the two transaminating reactions, K = 0.3 for the 
reaction shown below in reaction (1), and K = 1 for the reaction shown 
in reaction (2). In the calculation of the equilibrium constant, the error 
in estimating any one of the four reactants is squared. Since the errors 
of estimation lie within the range of 5 to 10 per cent the uncertainty in 
evaluating the equilibrium constant is 25 to 100 per cent. With the present 
methods of estimation there is little point in assigning other than tentative 
values for the equilibrium constants of the two transaminating reactions. 

Prosthetic Group of Transaminases—Braunshtein and Kritsman (16) 
have reported that the so called aspartic aminopherase contains a dissoci- 
able coenzyme, and they have reported on the preparation of this coenzyme 
from yeast. We have been unable to find any evidence that a transaminase 
exists in animal tissues which is specific for aspartic acid and not for glu- 
tamic acid. It is our impression that the so called aspartic enzyme is 
merely a mixture of the two transaminases with glutamic or a-keto- 
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glutaric acid as “catalyst.” Thus reaction (3) between aspartate and 
pyruvate is the summation of reactions (1) and (2): 


(1) Aspartate + a-ketoglutarate — oxalacetate + glutamate 
(2) Glutamate + pyruvate = a-ketoglutarate + alanine 
(3) Aspartate + pyruvate = oxalacetate + alanine 


The mode of preparation and the properties of the coenzyme which Braun- 
shtein and Kritsman have isolated from yeast strongly suggest that it is 
glutamic acid. In other words, the coenzyme effect can be explained 
entirely in terms of reactions (1) and (2). 

Although no evidence has been found that either of the two transaminases 
becomes inactivated during the purification procedure as the result of 
the loss of a dissociable coenzyme, we have been able to show that both 
enzymes contain a substance, some of whose properties are known to be 
shared by a derivative of pyridoxal. But first it will be necessary to 
digress to a consideration of the properties of dihydroxyphenylalanine 
or dopa carboxylase® of pig kidney. This carboxylase on purification 
was found to be inactive unless supplemented with a coenzyme found 
in boiled extracts of heart and liver. Gale and Epps (18) in their investi- 
gations of the bacterial enzymes which decarboxylate amino acids showed 
that the lysine and tyrosine carboxylases contained a dissociable coenzyme 
which they called codecarboxylase. They studied the distribution of 
codecarboxylase, finding that it occurred universally in animals and bac- 
teria. Furthermore, they isolated the coenzyme in highly purified form 
from yeast. A sample of codecarboxylase prepared from yeast by Gale’s 


5 Dopa carboxylase, which was first discovered by Holz et al. (17), hitherto has not 
been obtained in purified and concentrated form. Our method of preparation is as 
follows. Pig kidneys were finely minced and then extracted with 2 volumes of ice- 
cold 0.8 per cent sodium chloride solution. After coarse particles were strained out 
through several layers of wide-meshed gauze, the extract was clarified by centrifuga- 
tion. The highly opalescent supernatant fluid was then treated with ammonium sul- 
fate (18 gm. per 100 cc.) and the precipitate discarded. Ammonium sulfate was 
again added (12 gm. per 100 cc.) and the precipitate which contained the enzyme was 
redissolved in water. The solution of the enzyme was then again submitted to frac- 
tional precipitation with ammonium sulfate as above. The solution of the twice 
fractionated enzyme was dialyzed against 0.002 m ammonia at 0° during 4 days. The 
solutions so dialyzed are virtually inactive in the absence of codecarboxylase. In ad- 
dition to the coenzyme, reducing substances such as cysteine or glutathione are essen- 
tial for reconstituting the activity of the split enzyme. The process of splitting off 
the coenzyme by dialysis against ammonia water is also attended with considerable 
irreversible loss of activity. The purification procedure should be carried out as 
quickly as possible, and always at 0°, to minimize the rate of destruction of the 
enzyme. The enzyme is most stable when stored as an ammonium sulfate precipitate. 
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method was found to replace boiled extracts of heart and kidney in re- 
storing the activity of dopa carboxylase. More recently Gunsalus and 
his colleagues (19) have discovered that pyridoxal which has been subjected 
to phosphorylating agents, either inorganic or enzymatic, can replace 
Gale’s coenzyme as codecarboxylase for various amino acids and carboxy- 
lases of bacterial origin. Through the kindness of Dr. Gunsalus and 
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Fria. 6. Rate of decarboxylation of dihydrophenylalanine by dopa carboxylase as 
a function of the concentration of codecarboxylase. The reaction mixtures contained 
0.8 ec. of 0.015 m dihydrophenylalanine, 0.5 cc. of 0.2 mM phosphate buffer of pH 7.0,1 
mg. of cysteine, | cc. of dialyzed pig kidney enzyme, and varying amounts of synthetic 
codecarboxylase as prepared by Umbreit et al. (19). The gas space was filled with 
nitrogen. At time zero the substrate was tipped into the central compartment of the 
manometer cup from a side arm. After 15 minutes 0.4 cc. of 6 N sulfuric acid was 
tipped in from the center pot and the carbon dioxide evolution was then measured. 
The CO, evolution was corrected for the blank without enzyme. The reaction was 
carried out at 38°. The pyridoxal phosphate solution used was not pure, but the 
concentration in terms of the pure substance has been estimated by Dr. Gunsalus. 


Dr. Folkers, we were able to test ‘pyridoxal phosphate’’ as coenzyme for 


dopa carboxylase. It was found to be fully equivalent to Gale’s yeast 
coenzyme in its action on the split dopa enzyme (cf. Fig. 6). 

The fact that extremely valuable information was obtained by using 
split d-amino acid oxidase as a test system for flavin dinucleotide suggested 
to us the use of the split dopa enzyme as a test system for codecarboxylase. 
Various enzyme preparations were tested for the presence of codecar- 
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boxylase, including the purest preparations of the two transaminases. 
The extremely high concentration of the codecarboxylase which was 
found in the solutions of the two transaminases compared to the negligible 
amounts found in other highly purified enzymes made it seem unlikely 
that the presence of codecatboxylase was fortuitous. The relationship 
between the activity of each of the two transaminating enzymes and the 
amount of codecarboxylase was investigated in different fractions and in 
the final homogeneous preparations. Table X shows that there is a very 
satisfactory correlation between the amount of transaminase and the 
amount of codecarboxylase in the case of the alanine enzyme. The 
proportionality is admittedly less exact in the case of the aspartic enzyme 
but there can be no doubt that there is a correlation. The codecar- 


TABLE X 
Presence of Codecarboxylase in Preparations of Two Transaminases at Different 
Stages in Purification 
In testing for codecarboxylase activity the solution of the transaminase was first 
boiled and then added to the assay system without removing coagulated protein. 




















Alanine enzyme Aspartic enzyme 
Micrograms codecar- | | Micrograms codecar- 
Purity index ____boxylase ssi Purity index _boxylase 
Enzyme units | Enzyme units 
0.22 0037 0.85 0.038 
0.10 0.0035 0.55 0.016 
0.09 0.0028 0.45 0.018 
0.06 0.0042 | 0.42 | 0.021 
0.034 0.0041 0.14 | 0.045 
0.006 0.0025 0.11 0.032 
0.041 0.023 





boxylase associated with the aspartic enzyme is extremely difficult to 
separate from the coagulated protein and this unpleasant property may 
well explain some of the variations in the estimation. A crude solution 
of alanine transaminase after being boiled will show full codecarboxylase 
activity in the assay system only if the coagulated protein is added. The 
filtered solution is much less active. As the purification proceeds, the 
codecarboxylase shows less and less tendency to be retained by the protein 
coagulum, and at the highest purity level a protein-free solution can be 
obtained containing the original codecarboxylase activity of the enzyme. 
In the case of the aspartic enzyme, the tendency of the codecarboxylase 
to adhere to the coagulated protein is greater and persists from the first 
crude extracts to the highest purity level. At best a few per cent can 
be obtained in protein-free solution. The fact that the coagulated protein 
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shows codecarboxylase activity must mean that the codecarboxylase 
is at least slightly dissociable, and that it preferentially combines with 
the protein of dopa carboxylase. In other words, codecarboxylase has 
a stronger tendency to combine with the protein of dopa carboxylase than 
with the coagulated protein. However, the transfer may not be quanti- 
tative, and that may be at the root of the difficulty in getting better cor- 
relations between the amount of codecarboxylase and the amount of 
aspartic transaminase activity. It is of interest to point out that by 
boiling “pyridoxal phosphate” in the presence of coagulable protein, 
the synthetic coenzyme is found to be retained partially or completely 
in the coagulum to an extent, depending upon the nature and amount 
of protein added. 

Both transaminases lose activity following prolonged dialysis against 
0.002 mM ammonia at 0°. Thus the alanine enzyme is completely inactive 
at the end of 3 days. The aspartic enzyme loses activity more slowly, 
reaching complete inactivation only after about 12 days. This loss in 
transaminase activity is paralleled by a loss in the codecarboxylase activity 
of the boiled enzyme. It is not possible to decide which is cause and which 
is effect; z.c., whether loss in transaminase activity is the result of loss of 
codecarboxylase or whether inactivation of the enzyme is followed by 
splitting off of the codecarboxylase. In any case, the two events occur 
simultaneously and we may regard these dialysis experiments as evidence 
for the view that codecarboxylase is a functional part of transaminase in 
the sense of being a coenzyme or prosthetic group. 

It became important to know whether the ‘“‘coenzymes”’ of the two 
transaminases are identical with pyridoxal phosphate. Both Gunsalus‘ 
and Baddiley and Gale (20) have already established the identity of yeast 
codecarboxylase with pyridoxal phosphate. When the coenzymes were 
heated for 1 hour at 100°, the per cent destruction of the codecarboxylase 
activity was found to be 57 for the coenzyme of aspartic transaminase, 
65 for the coenzyme of alanine transaminase, and 54 for pyridoxal phos 
phate, when treated with 0.1 N sulfuric acid; when treated with 0.1 5 
sodium hydroxide or with neutral solution there was no destruction. 
There appears to be complete correspondence of the three coenzymes, 
at least in regard to their pH stability. When the preparations of the 
coenzyme contain protein as an impurity, it may appear that boiling i 
neutral solution leads to destruction of the coenzyme. Analysis has 
shown, however, that this apparent loss of activity is due to a reversible 
combination of the coenzyme with protein. Exposure to 0.1 N alkali for 
a few minutes at 100° suffices to regenerate most of the original activity. 

The comparison of the three coenzymes was extended to a study d 
their action in stimulating the growth of Lactobacillus casei in a medium 
lacking in pyridoxine. Table XI shows that all three show growth 
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promoting activity at about the same dilutions. Two complicating 
factors are encountered in testing solutions of coenzyme which contain 
significant amounts of protein. As pointed out above, the coenzyme shows 
a strong tendency to combine with protein in the medium when the solution 
is sterilized by autoclaving. The coenzyme is not available for growth 
when present in this bound form, but it may be regenerated by hydrolyzing 
for a short period in 0.1 N HCl at 100°. Some of the coenzyme is hydro- 
lyzed during this period but, since pyridoxal is equivalent to its phosphoric 
ester as far as growth stimulation is concerned, the estimation is unaffected. 
When working with a protein-free solution of the coenzyme, no difference 


TaBLe XI 


Effect of ‘‘Coenzymes” of Two Transaminases on Growth of Lactobacillus casei in 
Pyridozal-Free Synthetic Medium 

















Micrograms per test Growth in 48 hrs. 

0 0 

Pyridoxal 0.02 A 
0.10 ++++ 

“ phosphate 0.005 0 
0.05 +++ 

“Coenzyme”’ of alanine-glutamic trans- 0.01 = 
aminase 0.05 ac 

“Coenzyme” of aspartic-glutamic trans- 0.005 0 
aminase 0.05 ap te 





The concentrations of the three coenzymes were determined by comparing their 
codecarboxylase activity against a standard pyridoxal phosphate solution. The 
“eoenzymes”’ of the transaminases were prepared by treating the respective enzyme 
solutions at 100° for 1 hourin0.1 N acid. The solution of the ‘‘coenzymes’’ was then 
filtered before testing. The growth medium was that described by Snell and Ranne- 
feld (21). 


in growth-stimulating effects is observed between untreated and acid- 
hydrolyzed solutions. A second complication which again is referrable 
to the presence of protein in the solution of coenzyme arises from the 
liberation of growth-stimulating substances by acid hydrolysis of protein. 
In the absence of pyridoxal these growth-stimulating substances have 
no influence on the growth of the test organism, but in the presence of 
pyridoxal they induce a rate of growth which is very much more rapid 
than in the presence of pyridoxal alone. Thus crude solutions of coenzyme 
which have been subjected to acid hydrolysis appear even more active 
than pyridoxal or its phosphoric ester in stimulating growth. However, 
with purified solutions of the coenzyme containing little or no protein, 
no significant difference can be discerned between the coenzymes isolated 
from the two transaminases and pyridoxal phosphate in so far as growth 
stimulation is concerned. 
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Some as yet unpublished experiments of Gunsalus and his colleaguest 
with Streptococcus faecalis have brought evidence from another direction 
that pyridoxal phosphate is the prosthetic group of transaminase. They 
grew the organism in a medium deficient in vitamin Bs and showed that 
the suspensions of avitaminous bacteria were unable to catalyze the 
transaminations characteristic of the aspartic and alanine enzymes. How- 
ever, following addition of pyridoxal phosphate the transaminating activity 
was completely restored to normal. Schlenk and Snell (22) previously 
tried to show the participation of pyridoxal in transaminating reactions 
by adding it to the tissues of vitamin Be-deficient rats. However, their 
experiments were suggestive rather than conclusive. 

Mode of Action of Transaminase—There are at least three possible mech- 
anisms by which transamination reactions can take place. The reaction 
between glutamate and oxalacetate may be conceived of as an oxidation- 
reduction in which glutamate is oxidatively deaminated and oxalacetate 
simultaneously reductively aminated. According to this view, the proe- 
ess of transamination would be the summation of two separate reactions, 


(4) Glutamate + enzyme = a-ketoglutarate + NH; + reduced enzyme 
(5) Oxalacetate + NH; + reduced enzyme = aspartate + enzyme 


This mechanism can be excluded, since experiments with isotopic ammonia 
(cf. Shemin’) have shown conclusively that free ammonia is not formed 
during the process of transamination. Furthermore, there is no evidence 
that transaminase is capable of undergoing reversible oxidation and re- 
duction. 

Another mechanism was outlined by Braunshtein and Kritsman (1), 
according to which the enzyme catalyzed a Schiff base condensation be- 
tween the amino acid and the keto acid of the transaminating pair. The 
Schiff base compound would then undergo rearrangement and dissociation 
into the transaminated pairs. This mechanism was in fact proposed 
by Herbst (23) to explain transamination reactions in non-biological systems. 
More recently Snell (24) found that pyridoxal heated with glutamic acid 
underwent transamination with formation of pyridoxamine and a-keto- 
glutaric acid. This led him to postulate that the prosthetic group of 
transaminase is pyridoxal and that transaminase acted by alternately 
accepting and donating amino groups, as indicated in the equations below: 
(6) Glutamate + pyridoxal enzyme = a-ketoglutarate + pyridoxamine enzyme 
(7) Oxalacetate + pyridoxamine enzyme = aspartate + pyridoxal enzyme 
There is evidence from our own experiments and those of Gunsalus that 
the prosthetic group of transaminase is probably pyridoxal phosphate, 


* Gunsalus, I. C., private communication. 
7 Shemin, D., private communication. 
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but we have been unable as yet to establish that cyclical amination and 
deamination of the prosthetic group take place during the process of 
enzymatic transamination. 


It is a pleasure to acknowledge our debt to Miss Marion Blanchard 
and Dr. P. K. Stumpf for their generous help in studying the properties of 
the coenzymes obtained from the two transaminases. 


SUMMARY 


The isolation and properties of two transaminating enzymes from pig 
heart are described. The aspartic-glutamic enzyme catalyzes the transfer 
of amino groups from oxalacetate to glutamate or from aspartate to a-keto- 
glutarate. The alanine-glutamic enzyme catalyzes the transfer of amino 
groups from pyruvate to glutamate or from alanine to a-ketoglutarate. 
Both of these enzymes have been purified to a point at which all the pro- 
tein present has enzymatic activity. The catalytic constants at this 
purity level have been evaluated. 

Rapid methods have been described for following the action and for 
determining the amounts of these enzymes. These methods depend 
upon the appearance or disappearance of oxalacetic acid, a-ketoglutaric 
acid, and pyruvie acid. 

Evidence has been presented which points to pyridoxal phosphate as 
the prosthetic group of both transaminating enzymes. 
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ISOLATION OF l-AMINO ACID OXIDASE 


By M. BLANCHARD, D. E. GREEN,* V. NOCITO, anp 8. RATNER 


(From the Departments of Medicine and Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


Wits a Note sy Dan H. Moore 


(Received for publication, September 8, 1945) 


In an earlier communication it was shown that the oxidative deamination 
of approximately half of the naturally occurring amino acids is catalyzed 
by a single enzyme, /-amino acid oxidase. The general properties of this 
enzyme isolated from rat kidney and liver, as well as the mechanism of the 
reactions involved, have already been described (1). 

More recently the generosity of several pharmaceutical companies! in 
supplying us with some 50 kilos of rat kidney has made it possible to under- 
take the isolation of the enzyme. The purification has been brought to a 
stage at which the enzyme preparation is electrophoretically homogeneous. 
In the ultracentrifuge two components are found to be present. However, 
these have been shown to be two molecular species of the enzyme, one hav- 
ing 4 times the molecular weight of the other. The enzyme is a flavoprotein 
whose prosthetic group has now been identified as the flavin mononucleo- 
tide, riboflavin phosphate. The present communication is concerned with 
the preparation and some of the properties of the purified enzyme and with 
the evidence for the nature of the prosthetic group. 

Purification of Enzyme—The purification consists essentially of two suc- 
cessive precipitations of the enzyme with 15 per cent sodium sulfate at pH 
5.6, followed by at least three series of controlled stepwise fractionations 
with ammonium sulfate (cf. the experimental section). Since in the early 
stages of purification many of the impurities are colored compounds, the 
recognition of the enzyme as a flavoprotein is possible only toward the end. 
The activity of the final preparation represents at most only a 1 or 2 per 
cent yield. The over-all purification, starting from the first extract to the 
final preparation, is about 200-fold. In the early stages considerable losses 
are sustained at each step but the losses are more than offset by the degree 
of purification attained. 


* This investigation was supported by grants from the Rockefeller Foundation, 
the Williams-Waterman Fund of the Research Corporation, the Lederle Laboratories, 
Ine., and the John and Mary R. Markle Foundation. 

‘We are greatly indebted to Eli Lilly and Company, Hoffmann-La Roche, Inc., 
Parke, Davis and Company, and Schering-Kahlbaum for generous gifts of frozen rat 
kidneys. 
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The preparation of the electrophoretically homogeneous enzyme has 
Qo, of 52 in the presence of /-leucine at 38° and at pH 8.8. 1 mg. of enzyme 
at this stage of purity contains 6.6 y of riboflavin phosphate from which it 
an be calculated that each mole of enzyme catalyzes the oxidation of § 
molecules of substrate per minute under the above conditions. This value 
for the turnover number is admittedly far below the range for other flayo- 
proteins, which extends from 50 to 1000. The formidable discrepancy in 
catalytic velocity may indicate any one of three possibilities: (1) that the 
enzyme is not identical with the flavoprotein, being merely a minute im- 
purity, (2) that individual molecules of the enzyme have undergone “‘decay” 
(partial loss of activity) during the purification procedure and that the tum- 
over number of the native unprocessed enzyme would be of the right 
catalytic order of megnitude, and (3) that /-amino acid oxidase is an un- 
usually slow enzyme. ‘The first possibility is inconsistent with the observa- 
tion that the prosthet:c group of the flavoprotein is reduced by amino acids, 
The actual rate of reduction has been determined and found to be about the 
same order of magnitude as the over-all oxidation of the substrate by 
molecular oxygen. ‘lhis is in accord with the assumption that the flavo- 
protein is identical with l-amino acid oxidase. The flavoprotein is distinet 
from all other known flavoproteins and, in so far as we have been able to 
determine, shows no catalytic activity except that characteristic of the 
l-amino acid oxidase. Furthermore it should be pointed out that the final 
preparation contains only two molecular species both of which are flavopro- 
teins with identical catalytic action. No one of the above points of evi- 
dence is in itself adequate, but collectively they leave little doubt of the 
identity of the l-amino acid oxidase with the flavoprotein which has been 
isolated. 

In saying that an enzyme may undergo “decay” during the purification 
procedure, we employ the term in the sense that single molecules of enzyme 
may become less active, rather than that a certain proportion of a popula- 
tion of enzyme molecules has become completely inactive, as implied by the 
term “destruction.” There is no single method of deciding whether in the 
course of purification decay or destruction, as defined above, is proceeding. 
The fact that there is progressive improvement in the purity index (see 
‘‘Experimental’’) argues against any significant amount of decay. Further 
more, in the final stages of purification at which there is no appreciable los 
of activity, apart from the partition of the enzyme in different fractions, the 
process of decay, at least in these stages, can be definitely excluded. It 
seems likely that the /-amino acid oxidase like the vast majority of enzymes 
exists either as a fully active enzyme or as an inactive enzyme but not ins 
form that has only partial activity. These considerations exclude all but the 
third possibility; viz., that the l-amino acid oxidase is a very slow acting 
enzyme 
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Lactic Oxidase Activity—aA strict parallelism has been found between the 
ability of various preparations from rat kidney to oxidize /-amino acids 
and the ability to oxidize l-lactic acid and certain other a-hydroxy acids.? 
Thus the ratio of these two activities has been found constant f.om the first 
erude extracts to the final stage of purification at which the two molecular 
species of the enzyme are present. Since each of these species is active 
toward both substrates, it appears highly probable that both activities are 
associated with the same enzyme. The full description of the lactic enzyme 
will be reserved for another communication. The turnover number in the 
presence of lactic acid under optimum conditions of substrate and hydrogen 
jon concentrations is approximately 2.7 times as large as that in the presence 
of L-leucine. The flavoprotein is bleached by lactic acid just as it is by 
lLamino acids and the autoxidation of the leucoflavoprotein explains the 
formation of H,O, during the catalytic oxidation of lactic acid in the pres- 
ence of molecular oxygen. 

Absorption Spectrum of Enzyme—Flavoproteins have been shown to have 
an absorption spectrum that differs only in minor respects from that of free 
riboflavin in the region 320 to 520 my (3-5). The curve’ for /-amino acid 
oxidase shown in Fig. 1 displays a maximum in the region of 450 mu, which 
is typical, but the band is broader than that of riboflavin, since it extends to 
410 my before declining. The second band of the oxidase, as expected, 
has a maximum at 360 my, but the extinction coefficient is higher than ex- 
pected in relation to that of the 450 my band. It is apparent that a second 
light-absorbing substance is present which, for reasons to be discussed 
below, we consider to be an impurity present in low concentration but pos- 
sessing a very high extinction coefficient in the region of 410 my. As puri- 
fication proceeds, the amount of absorption due to this substance grows 
progressively smaller. Removal of the final traces entails larger loss than 
is possible to take with the small quantities of purified enzyme which have 
been at our disposal. 

On reduction with hydrosulfite 75 per cent of the color is bleached at 460 
mu, the degree of bleaching becoming less at shorter wave-lengths, as shown 
in Fig. 1. The plot of the difference between the curves for the oxidized 
and reduced enzymes (the A curve) does not represent exactly the curve of 
the flavin component of the protein, because the impurity has also under- 
gone change in the presence of hydrosulfite. The inflection at 410 my 


* In a preliminary report (2) we erroneously referred to the second catalytic func- 
tion of l-amino acid oxidase as a diaphorase action. The test system devised for de- 
tecting diaphorase activity contained lactic acid. The positive results we obtained 
were due to the fact that /-amino acid oxidase oxidized lactic acid directly and not, to 
the ability of the enzyme to function as a diaphorase. 

; %¢= 1/el logy Io/I-;c = the concentration in moles per liter and | = the cell length 
in em. 
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which appears in both the A curve and that for oxidized enzyme strongly 
suggests that the contaminating impurity is of an iron-porphyrin nature, 
On reduction, iron-porphyrin proteins generally show an increased absorp- 
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Fie. 1. Light absorption spectrum of /-amino acid oxidase in 0.1 m phosphate 
buffer at pH 7.4. Double circles represent oxidized enzyme; solid circles, enzyme 
reduced with hydrosulfite; clear circles, the plot of the difference between the absorp- 
tions of the oxidized and reduced enzyme. 





tion and slight shift of the Soret band, while absorption in the regions t0 
either side may be increased at some wave-lengths and decreased at others" 


‘ Compare, for example, the light absorption curves of ferri- and ferrocytochrome 
c reported by Theorell (6). 
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This property would account for the fact that the A curve varies in some re- 
spects from that expected for the flavin component. Furthermore, iron- 
porphyrin compounds have in common the Soret band in the region of 410 
mg with an extremely high extinction coefficient. For example, the value® 


given by Theorell and Akesson (7) for cytochrome c, &0 = 118 X 10%, 


js 26 times greater than that of riboflavin at the same wave-length. This 
factor is increased to 137 when the molecular weights are taken into account, 
cytochrome c having a molecular weight of 13,100 as compared to 69,000 for 
the minimum molecular weight of l-amino acid oxidase. Therefore in order 
to account for the absorption of the oxidized enzyme at 410 my, which is 
double that expected of a flavoprotein, no more than 0.7 per cent of cyto- 
chrome c or an equivalent amount of some other iron-porphyrin protein 
would have to be present as a contaminant of the l-amino acid oxidase. 
This amount of impurity is less than can be detected electrophoretically. 
The fact that the enzyme appears homogeneous in the Tiselius apparatus 
but displays an impurity on spectrophotometric examination permits the 
conclusion that the impurity is present in very low concentration and is 
probably an iron-porphyrin compound. It was not surprising to encounter 
the problem of removing such impurities during isolation of flavoproteins 
from animal tissue, in which the concentration of iron-porphyrin compounds 
is extremely high in relation to flavoproteins. Warburg and Christian (8) 
found a similar contaminant of the “old yellow enzyme”’ isolated from 
yeast. 

The flavin phosphate content of the enzyme is 0.66 per cent. This value 
was obtained spectrophotometrically by splitting the flavoprotein with 
trichloroacetic acid and removing the denatured protein by centrifugation. 
The colored impurity is precipitated with the protein in this procedure (see 
the section on the prosthetic group), thus permitting an accurate estimate of 
the flavin content. Since the data for the curves shown in Fig. 1 were cal- 
culated from the actual flavin phosphate content of the enzyme and the 
observed optical density, it may be seen that at 460 my the impurity has 
the effect of elevating the absorption by 17 per cent, as compared with the 
value given by Theorell (3) for the ‘‘old yellow enzyme,” égeo = 10.4 X 10°. 
It is also apparent from Fig. 1 that the difference between the oxidized and 
reduced values, Ago may not be used for accurate estimation of the flavin 
content of the enzyme, since it represents a summation of the changes 
undergone by both the flavin and the iron-porphyrin impurity. The value 
for Ayo is actually 12 per cent lower than would be expected on the basis of 
the known flavin content. 


‘The original value was expressed as 8, the molecular absorption constant, and 
has been converted to the ¢ value in order to facilitate comparison. 
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Identification of Prosthetic Group 


Absorption Spectrum of Prosthetic Group—The losses sustained in the 
purification procedure are such that 3 kilos of fresh rat kidney furnish only 
about 5 cc. of a 1.5 per cent solution of the purified enzyme. Owing to this 
restriction, identification of the prosthetic group was established by em. 
ploying enzyme preparations only of the highest purity level, as an alterna. 
tive to direct isolation. The prosthetic group does not dissociate from the 
protein to any appreciable degree and cannot, therefore, be recovered by 
mild procedures. When a solution of the enzyme is denatured by exposure 
to a temperature of 100°, the prosthetic group is split off but simultaneously 
undergoes considerable destruction. However, if the enzyme solution is 
brought to dryness rapidly in an oven at 105° and the thin film of protein 
extracted with small amounts of water, the recovery of flavin phosphate is 
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Fig. 2. Light absorption spectrum of the prosthetic group of /-amino acid oxidase 
(solid circles) and of riboflavin (clear circles). Aqueous solutions at pH 7.0. 


fair and the decomposition is negligible. The extract is yellow, with the 
characteristic greenish fluorescence of riboflavin. This material, without 
further treatment, was used to obtain the light absorption curve shown in 
Fig. 2. The curve for free riboflavin (Merck) is also presented for com- 
parison. The flavin concentration of the solution of the prosthetic group 
was calculated from the observed optical density at 450 my and the extine- 
tion coefficient, €s0 = 11.3 X 10%, as given by Warburg and Christian (9) 
for riboflavin or riboflavin phosphate. It may be seen that the two curves 
are practically superimposable with characteristic maxima at 450, 375, and 
265 mu. 

The molecular light absorption curves of riboflavin and its phosphori¢ 
ester are coincident over the range investigated. However, the absorption 
curve of flavin adenine dinucleotide represents the summation of the 
absorption due respectively to riboflavin and adenine (9). Since adenine 
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does not absorb appreciably at wave-lengths greater than 300 my, the curve 
for the dinucleotide is virtually identical with that of riboflavin down to 300 
mu. At 265 mu, « for riboflavin is 29.4 < 10°, while that for the dinucleo- 
tide is 37.0 X 10°. As shown in Fig. 2, the e value for Merck’s riboflavin, 
30.5 X 10°, is in good agreement with the value set by Warburg and 
Christian (9), while the e value for the prosthetic group is 32.0 x 10°. 
The presence of a second absorbing component, either purine or pyrimidine 
in nature, would have increased the e value of the prosthetic group to 
37 X 10° or higher, since such compounds all have absorption coefficients of 
about the same order of magnitude as adenine itself. The slightly higher 
absorption of the prosthetic group observed in the region of shorter wave- 
length compared to that of riboflavin may justifiably be attributed to the 
presence of traces of impurities formed during the heat treatment. Appar- 
ently the riboflavin of /-amino acid oxidase is not associated with a second 
light-absorbing molecule, as would be expected were the prosthetic group a 
dinucleotide. The same absorption curve is obtained when the prosthetic 
group is split off from the protein following denaturation with trichloroacetic 
acid, after suitable correction for the pH effect and light absorption due to 
the reagent. 

Ratio of Phosphorus to Flavin in Prosthetic Group—The prosthetic groups 
of all the flavoproteins known thus far occur either as riboflavin phosphate 
or as flavin adenine dinucleotide. In order to distinguish between these 
two possibilities, advantage has been taken of (1) the differences in absorp- 
tion at 265 my, as already discussed above, and (2) the difference in the ratio 
of P to flavin, the mononucleotide and the dinucleotide having ratios 
respectively of 1:1 and 2:1. 

The P to flavin ratios were determined on samples of the prosthetic group 
prepared in several different ways, as indicated in Table I. The flavin 
content of Preparation 1 was estimated spectrophotometrically assuming 
e = 11.3 X 10° at 450 my (9). This value is only applicable to neutral 
solutions. In strong acid, the absorption of riboflavin is decreased in the 
region of the first maximum, and increased in the region of the second. 
Avalue of €s9 = 9.8 X 10*, obtained from flavin solutions of known concentra- 
tion in 4.1 per cent trichloroacetic acid, has been used to estimate the flavin 
phosphate content of enzyme solutions to which trichloroacetic acid was 
added as the protein precipitant (Preparations 2 to 5). The light 
absorption of trichloroacetic acid is very small in this region and was ade- 
quately corrected for by a suitable blank. 

In order to estimate the P content of these solutions, a submicroprocedure 
(see “Experimental’’) having a range of 0.2 to 3 y of P was employed. It 
was found necessary to estimate both inorganic and organically bound P, 
since even after prolonged dialysis traces of inorganic P were still present. 
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All of the samples investigated, as shown in Table I, were found to have 
a ratio of organic P to flavin of 1:1. This was the case regardless of the 
treatment employed and serves to confirm the evidence, obtained from 
the absorption spectrum, that the prosthetic group is riboflavin phosphate, 

It should be pointed out that on prolonged dialysis there is some loss of 
flavin, for Preparation 5 which was not dialyzed has the highest flavin con- 
tent. The simultaneous loss of an equivalent amount of organic P appears 
to indicate that on dialysis the prosthetic group is split from the protein at 
the rate of a few per cent a day, without cleavage of the ribity] phosphoric 











TaBLe I 
Ratio of Organic P to Riboflavin in l-Amino Acid Oxidase 
norganic Irganic (Molec } 
mre] te cS ee eee 
y per cc. y per cc. y per ce 
] Dialyzed 7 days against distilled | 41.3 3.32 1.00:1.00 
water, oven-dried 
2 Dialyzed 7 days against distilled 50.3 0.63 4.81 1.00:0.86 
water, treated with trichloro- 
acetic acid 
3 Dialyzed 6 days against distilled 55.9 1.74 4.23 1.06:1.08 
water, treated as Preparation 2 
4 Dialyzed 6 days against distilled 43.9 2.54 3.41 1.00:1.06 
water brought to pH §8 with 
NH,OH, treated as Preparation 2 
5 Undialyzed; treated as Prepara- 77.8 5.64 6.36 1.00:1.01 


tion 2 





* The figures in this column represent the difference between total and inorganic 


phosphorus. 


ester linkage. Presumably the splitting is responsible for inactivation of 
the enzyme and it explains why dialysis is invariably associated with loss of 
catalytic activity. 

The theoretical possibility remains that the prosthetic group of /-amino 
acid oxidase may exist as a conjugate of two riboflavin phosphate nucleo 
tides, although as yet no naturally occurring examples of such a configura- 
tion are known. It is to be expected that a compound of this nature will be 
much less acidic than riboflavin phosphate. Investigation of this property 
must await isolation. 

Number of Flavins per Molecule—In an earlier publication (2) it was re 
ported that the preparation of purified enzyme was found to be 
homogeneous when examined electrophoretically at pH 7.4. In the ultra 
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centrifuge, two molecular species of the flavoprotein were found to be 
present, 60 per cent as a lighter form, having a molecular weight of 120,000, 
and 40 per cent of a heavy fraction which may be regarded as an aggregate 
of 4 of the lighter molecules. 

In the same communication the flavin content was reported as 0.46 per 
cent, expressed as riboflavin phosphate. Since this corresponds to a 
minimum molecular weight of 100,000 as compared to 120,000 obtained 
from ultracentrifuge data, the enzyme was regarded provisionally as having 
one riboflavin phosphate per molecule of protein. The estimation of the 
flavin content was carried out in samples obtained by extraction of oven- 
dried samples previously subjected to prolonged dialysis to insure complete 
removal of ammonium sulfate. We have since observed that the prosthetic 
group is split off at the rate of a few per cent a day when dialyzed against 
distilled water. This loss of flavin, as well as incomplete recovery from the 
dried film, led to erroneously low results. When the flavin content of un- 
dialyzed enzyme preparations was estimated by direct spectroscopic meas- 
urement of the supernatant fluid, after precipitation of the protein with 
trichloroacetic acid at 0°, the value was found to be 0.66 per cent, expressed 
as riboflavin phosphate, corresponding to a minimum molecular weight of 
69,200. It is extremely unlikely that a value appreciably higher than 0.66 
per cent will be obtained, since the entire purification procedure includes 
but one dialysis for 18 hours. The value of 0.66 per cent therefore strongly 
suggests that there are two riboflavin phosphate groups for each protein 
unit of approximately 138,000. Moore’s value (see the appended note) 
of 120,000 is in substantial agreement with this interpretation. The heavy 
component would then have a molecular weight of 552,000, containing eight 
flavin groups in all. 


EXPERIMENTAL 


Methods of Following Activity—We have arbitrarily defined as the unit 
of l-amino acid oxidase activity an amount of enzyme which in the presence 
of excess /-leucine and excess catalase® at pH 8.8 and 38° catalyzes the up- 
take of 60 c.mm. of O, per hour. All solutions of the enzymes, substrates, 
and buffer are previously adjusted to pH 8.8. To the enzyme solution in 
a Warburg vessel are then added 0.3 ce. of catalase and 0.5 m phosphate 
buffer to make a final volume of 3.0 ec.; 0.5 ec. of 0.1 m /-leucine in 0.5 m 
phosphate buffer is tipped in from the side arm after temperature equilibra- 
tion, and the oxygen consumption estimated manometrically. Since cata- 


* When excess catalase is present, exactly 1 atom of oxygen per molecule of sub- 
strate will be consumed (1). The catalase solution employed was a concentrated 
preparation obtained from pig kidney extract by two precipitations with 30 per cent 
ammonium sulfate, followed by dialysis. 
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lase is largely destroyed during Step 3 of the isolation procedure given below, 
it must be added to the test run. 

As a rapid and convenient measure of the degree of purity of the enzyme 
at each step of the purification, we have employed the purity index defined 
as the ratio of the optical density at 280 my in a 1 cm. cuvette to the number 
of units per cc. of enzyme. As the purification proceeds, the purity index 
becomes smaller, which means in effect that the amount of protein per unit 
of enzyme becomes progressively less until all the protein is associated with 
the enzyme itself. Because of the fact that ammonium sulfate inhibits 
l-amino acid oxidase even when present in concentrations as low as 0.01 M, 
it is not possible to test directly for /-amino acid oxidase activity during 
ammonium sulfate fractionations. The solutions might be dialyzed to 
remove the ammonium ion but apart from considerable delay there is the 
destruction of the enzyme which invariably attends dialysis. This diff- 
culty has been overcome by taking advantage of the fact that the /-amino 
acid oxidase also oxidizes a-hydroxy acids such as lactic acid. The ratio, 
rate of oxidation of /-leucine to rate of oxidation of /-lactate, has repeatedly 
been found to be 1:2.7. The standard conditions employed for estimating 
the oxidation of lactic acid are identical with those given above for /-leucine 
except for the substitution of substrates. The oxidation of lactic acid is 
not inhibited by ammonium ions. Thus by estimating the oxidation of 
l-lactic acid it becomes possible to assay the / enzyme accurately in the 
presence of ammonium sulfate. 

In the final stages of the purification, when it is of the utmost importance 
to conserve material, one can avoid using up samples in a catalytic test by 
substituting a spectrophotometric index of purity. The iron-porphyrin 
impurity markedly increases the absorption at 410 my without influencing 
as appreciably the 450 mu band characteristic of flavin. The ratio of extine- 
tions, €40/€s0, becomes therefore a measure of the degree of purification 
of the flavoprotein as the limiting value of 0.5 is approached. The best 
ratio we have reached has a value of 0.96, whereas in cruder fractions the 
value of the ratio may be 10 to 20 times as high. The purity index and the 
extinction ratio have been applied only as rapid and convenient measures 
for following the purification. The catalytic activity and flavin phosphate 
contents of the purified enzyme are always based on a direct estimation of 
the dry weight of the protein. 


Preparation of Enzyme 


Step 1—Rat kidneys (about 1.5 kilos) were minced in a Waring blendor 
to a fine cream and poured into 4 volumes of acetone cooled to —5° with 
dry ice. The suspension was rapidly filtered with suction and the residue 
washed several times with cold acetone. The residue was powdered, al 
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lowed to dry in air, then resuspended in acetone (room temperature) to 
remove as much of the residual fat as possible, filtered, and again allowed 
to dry in air. 318 gm. of dry powder were obtained. 

Step 2—The kidney powder was mixed with 10 volumes of water and the 
suspension allowed to stand for 30 minutes with constant stirring. The 
insoluble particles were filtered off and washed thoroughly with water. 
The volume of the combined filtrates was about 3.9 liters, containing 347 
units with a purity index of 347. Anhydrous sodium sulfate was added 
(15 gm. per 100 cc. of solution) and then glacial acetic acid to bring the pH 
to 5.1, as measured electrometricafly with a glass electrode. The precipi- 
tate was filtered through fluted papers. The filtration is rather slow and 
may be safely carried on overnight if necessary. The enzyme is quite 
stable in this precipitate. 

Step 3—The precipitate was suspended in water and 6 N NaOH was 
added to bring the pH to 8.5. The final volume was 360 cc., containing 
222 units. The suspension was heated to 57° for 5 minutes and the bulky 
coagulum filtered off. The filtrate (310 cc. containing 85 units) was treated 
again with sodium sulfate (15 gm. per 100 cc.), the pH being brought to 
5.6 with 10 per cent acetic acid. The adjustment of pH is critical and 
should be carried out electrometrically. The precipitate was centrifuged 
off, resuspended in water (50 cc.), and the pH brought to 8.7 with 6 N sodium 
hydroxide. The insoluble residue was centrifuged off and discarded. The 
clear supernatant fluid (56 cc.) then contained 48 units with a purity index 
of 13.9. 

Step 4—The above enzyme solution was dialyzed for 18 hours at 
0° against 3 liters of 0.025 m phosphate buffer of pH 7.3. The pH of the 
ice-cold dialyzed solution was cautiously brought to 4.9 with 10 per cent 
acetic acid. The precipitate containing the bulk of the hematin impurities 
was discarded. The supernatant fluid, which from this step on has the 
greenish yellow appearance of flavin solutions, was neutralized with 6 N 
sodium hydroxide. 

Step 5—The enzyme solution was then subjected to a series of stepwise 
fractionations with ammonium sulfate between 30 and 60 per cent satura- 
tion. Table II is typical of the results with the first series of fractionations. 
When Fractions II and III of this stepwise fractionation were combined 
and refractionated, a second series of fractions with the following charac- 
teristics was obtained: Fraction A, 4.8 total units with a purity index of 
11.8; Fraction B, 12.4 total units with a purity index of 3.1; Fraction C, 
10.4 total units with a purity index of 3.1; and Fraction D, 2.0 total units 
with a purity index of 15.0. Fractions B and C were combined and 
refractionated in a third series in which the ratio of 410:450 my was Frac- 
tion b, 1.18; Fraction c, 0.96; Fraction d, 1.17. Fraction a@ consisted of a 
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solution too opalescent for measurement, denatured material largely, 
Fraction c contained 4.8 units in 2 cc. with a purity index of 1.7. Solutions 
of the enzyme at this stage of purity appeared homogeneous in the Tisel- 
ius apparatus and were used for spectrophotometric analysis. 

In order to effect a separation of the light and heavy molecular species 
for examination of catalytic activity, a sample of the purified enzyme 
was treated in the ultracentrifuge as described in the note by Moore. To 
conserve material the enzyme content of each fraction was determined by 
spectrometric estimation of riboflavin phosphate. One fraction (the light 
component, containing 5 per cent of thé heavy one) had 0.44 unit of cata- 
lytic activity per microgram of riboflavin phosphate. A second fraction 
(the heavy component containing a small amount of the light one) had 
0.40 unit per microgram. 


TaBie II 
Stepwise Fractionation of Enzyme Solution 








. | 
Fraction No. | ta monn og Total units* Purity index* 
aida IM) Sn sR aoe cadalavtedipeiaes: Taamediaaaale 
I 36 | 3.4 19.3 
II 43 20.4 10.4 
III 5D 15.2 10.1 
IV 58 2.9 22.2 





* As defined in the “ Experimental.”’ 


Estimation of Total Phosphorus—The procedure described is a micro 
adaptation of the method of King (10) in that perchloric acid is used for 
digestion and the color is developed in a stronger acid than employed origi- 
nally by Fiske and Subbarow (11), but it incorporates several valuable 
features employed by Bessey and Lowry (12) in their submicromethod. 
These are the development of color at an elevated temperature (here 100°) 
to increase sensitivity, and measurement of the light absorption at 820 mg. 

With the Beckman spectrophotometer and standard | cm. cuvettes, phos- 
phorus in the range of 0.2 to 3 y can be estimated with an accuracy of 2 
per cent. Trichloroacetic acid does not interfere with the estimation. 
The digestion tubes, which were also used for the final color development, 
were made of Pyrex tubing of 7 mm. internal diameter blown out to a 
bulb of 20 mm. outside diameter and having an over-all height of about 
165 mm. These were calibrated to contain 3.5 ecc., the bulb size being 
selected to bring the calibration mark from 5 to 10 mm., but no higher, 
above the neck of the bulb. Samples having a volume no greater than 2.5 
ee., to which 0.4 ec. of 72 per cent perchloric acid has been added, were 
digested in an oil bath at 200° for about 15 minutes after bringing the bath 
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up to this temperature over a 20 minute interval. The slow rise in tempera- 
ture insured smooth distillation of water and of trichloroacetic acid which 
were completely removed by the time 200° was reached. Digestion then 
proceeded without bumping and no boiling stones were required. For most 
compounds, including phospholipids, this digestion time was sufficient but 
it may, without introduction of errors, be increased to an hour or longer 
if necessary. 

After cooling the tubes, first 3.0 cc. of 0.33 per cent ammonium molybdate 
(2 ec. of the stock 5 per cent solution diluted to 30 ce.) were added, and 
then, after thorough mixing, 0.1 cc. of the aminonaphtholsulfonic acid 
reagent prepared according to King (10). A few hundredths of a ce. of 
perchloric acid distilled off during digestion, making necessary a final 
adjustment of the volume to 3.5 cc. with water. The contents were mixed 
very thoroughly again with a thin rod flattened at the end. The color 
was developed by heating in a boiling water bath for 10 minutes. 
A straight line was obtained for the standard curve; 1 y gives rise to an 
optical density of 0.255 when read at 820 my in 1 em. cuvettes against 
blanks similarly treated. 

Inorganic Phosphate—In order to estimate inorganic phosphate in a 
solution containing riboflavin phosphate, without sacrificing sensitivity, 
it was considered desirable to reduce to a minimum the concentration of 
acid as used in the above estimation of total phosphorus in order to prevent 
hydrolysis of the phosphoric ester during color development at 100°. The 
concentration of acid and of the other reagents employed by Fiske and 
Subbarow (11) for inorganic phosphate was therefore scaled down to 
asubmicro level. Samples having a volume no greater than 2.75 cc. when 
trichloroacetic acid was present, or 1 cc. less when it was absent, were 
transferred to the same tubes as used above, followed by 0.6 ce. of 3 N 
H,S0,. If 1 ec. of 5 per cent trichloroacetic acid, or the equivalent acidity, 
was not included in the sample, it was added to insure the final required 
acidity. If necessary, water was then added to a volume of about 3 cc. 
with thorough mixing. This was followed by the addition of 0.1 cc. of 
5 per cent ammonium molybdate and finally by 0.05 cc. of the aminonaph- 
tholsulfonic acid reagent used above. The volume was brought to 3.5 
ce. Thorough mixing after the addition of each reagent, the final mixing 
being effected with a stirring rod, is absolutely essential to insure repro- 
ducible results. The tubes were then immersed in a boiling water bath for 
10 minutes and the density estimated as described above; the density in- 
creased by 0.250 for each microgram of increment. 

The estimation of inorganic phosphate at the low acidity employed was 
occasionally troublesome, owing to some variation in the blanks. This 
was avoided by very careful and thorough mixing after the addition of 
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each reagent and by checking on the agreement of duplicate or triplicate 
blanks. When hydrolysis of organically bound phosphorus is not a com. 
plicating factor, the conditions described above for total phosphorus, byt 
employed without digestion at 200°, provide a more satisfactory procedure 
for the rapid estimation of very small amounts of inorganic phosphate. 

Preparation of Samples for Estimation of Flavin and Phosphorus—1 ¢¢. 
aliquots of a purified enzyme preparation containing 14.27 mg. of enzyme 
and 94.3 mg. of riboflavin phosphate per cc. were dialyzed against distilled 
water for various periods, transferred quantitatively to a 5 cc. volumetric 
flask, and made up to volume. To each was added 1 ce. of 50 per cent 
trichloroacetic acid in the cold and the mixture centrifuged at 5° on the high 
speed head of the International centrifuge. Total P was estimated on 
0.5 ec. and inorganic P on | cc. aliquots of the supernatant. For estimation 
of flavin in the Beckman spectrophotometer, 2 cc. were diluted with an 
equal volume of water to reduce the trichloroacetic acid concentration to 
4.1 percent. Other dialyzed samples were rapidly brought to dryness in an 
oven at 105°, extracted with small portions of water, filtered, and brought 
to 5ce. Solutions of the prosthetic group obtained by this treatment were 
used for P and flavin analysis as well as to provide the data given in Fig, 
1. The curve agrees throughout with the absorption curve obtained, after 
suitable correction for the pH effect and light absorption of the reagent, 
from solutions in which trichloroacetic acid had been used to precipitate 
the protein. 

The values for riboflavin phosphate, inorganic phosphorus, and organic 
phosphorus are given in Table I. Except for the case of the undialyzed 
sample, inorganic phosphorus was present in very small amounts (0.1 to 
0.2 y per sample) and could not be estimated with the same accuracy as the 
total phosphorus. The uniformity of the ratios in the last column of Table 
[ indicates that riboflavin is present as a phosphoric ester which undergoes 
no appreciable hydrolysis under the conditions for estimating inorganic 
phosphate. This was to be expected from the hydrolysis rates of riboflavin 
phosphate reported by Kuhn and Rudy (13), who found only 22 per cent 
hydrolysis after boiling for 2 hours in 15 per cent HCl. 


SUMMARY 


1. l-Amino acid oxidase has been shown to be a flavoprotein with ribo 
flavin phosphate as the prosthetic group. 

2. By an extensive series of salt fractionations, the enzyme has been 
brought to a stage at which it is electrophoretically homogeneous. _ In the 
ultracentrifuge, two components appear, having identical catalytic activity. 
The evidence suggests that these are two molecular species of the same 
enzyme; the heavy:component being an aggregate of 4 molecules of the 
light one. 
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3. On the basis of the flavin content of the enzyme (0.66 per cent ex- 
pressed as riboflavin phosphate) and other data, it appears that the light 
component contains 2 molecules of flavin, whereas the heavy one contains 
8. 

4. From the parallelism between the ability to oxidize l-amino acids and 
Le-hydroxy acids, it is concluded that the flavoprotein which has been 
isolated possesses both these catalytic activities. 
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Examination of l-Amino Acid Oxidase by Electrophoresis and the 
Ultracentrifuge 


By DAN H. MOORE 


(From the Electrophoresis Laboratory, College of Physicians and Surgeons, 
Columbia University, New York) 


The preparation was examined electrophoretically in 0.02 m sodium 
phosphate buffer of pH 7.4, which was 0.15 m with respect to sodium 
chloride, and found to be essentially homogeneous. The electrophoresis 
pattern of the purified preparation is shown in Fig. A. When examined in 
the same solvent in the ultracentrifuge, however, two components appeared, 
a heavier fraction constituting about 60 per cent of the total protein 
(Sx = 13.5) and a lighter fraction having So» = 5.0. A trace of heavier 
material (Sx = 18) appears in the pattern (Fig. B). 

In order to obtain more information about the molecular weight of the 
components and to determine whether enzymatic activity was associated 
with one or both molecular species, a 30 cc. portion was centrifuged in eight 
tubes at 48,000 r.p.m. for 45 minutes. At the speed selected, most of the 
heavy component and only a small fraction of the light one would besedi- 
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mented in 45 minutes. 22 cc. of the supernatant were carefully removed, 
This supernatant was richer in the lighter fraction, whereas the pellet and 
the concentrated fluid at the bottom of the tubes contained a higher propor- 
tion of the heavy fractions than the original. This general procedure wag 
repeated three times, whereupon the supernatant was found to contain 
less than 5 per cent of the heavy fraction when reexamined in the analytical 
ultracentrifuge. The pellets from the first of the above centrifugations 
were analyzed for enzymatic activity. It was found that the separated 
light fraction and the redissolved pellets (enriched in heavy fraction) con- 
tained the same enzymatic activity per weight of protein. 


La 


A B 
Fia. A. Electrophoresis pattern of /-amino acid oxidase. Left, ascending; right, 
descending. Buffer, 0.02 m sodium phosphate in 0.15 m sodium chloride, pH 7.4. 
Fra. B. Ultracentrifuge pattern of /-amino acid oxidase after 40 minutes at 48,00 
r.P.M. Protein concentration 0.4 per cent; solvent, same as for electrophoresis. 





The supernatant (heavy component-free) solution was allowed to diffuse 
in the Tiselius electrophoresis cell at 1°. The diffusion constant when 
corrected to 20° was calculated to be 4.0 X 10-7 sq. em. per second. As 
suming a partial specific volume of 0.75, a molecular weight of about 120,000 
was calculated. An accurate estimate of the diffusion constant of the 
heavy component cannot be made, owing to the impossibility of preparing 
a sample entirely free of the light component. The average diffusion rate 
(calculated from the width of the boundary pattern at the inflection point) 
of the original unseparated material was found to be 3.0 X 1077 sq. em. per 
second. This value is erroneously high owing to the presence of the light 
component and will result in an estimate of the molecular weight which 
is correspondingly low. With Do = 3.0 and Sx» = 13.5 a molecular weight 
of 430,000 was calculated. Since this value is admittedly low, it appears 
more probable that the heavy component is an aggregate of 4 molecules of 
the light component. 
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THE QUANTITATIVE DETERMINATION OF THYROXINE IN 
IODINATED CASEIN HAVING THYROIDAL ACTIVITY* 


By E. P. REINEKEf anv C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 


anp GEORGE O. KOHLER, R. D. HOOVER, anp MARGARET B. BEEZLEY 


(From the Cerophyl Laboratories, Inc., Kansas City, Missouri) 
(Received for publication, July 5, 1945) 


As a result of recent investigations (reviewed by Reineke and Turner (1)) 
methods are now established whereby iodinated proteins possessing high 
thyroidal activity, as determined by biological assay, can be formed. The 
isolation of crystalline dl-thyroxine from iodinated casein subsequent to 
alkaline hydrolysis (2-4) and of the natural / isomer after hydrolysis with 
acid (5) provides good evidence that the active principle is actually thy- 
roxine. Because of serious questions as to the specificity, when applied to 
iodinated proteins, of the chemical methods for determining thyroxine in 
thyroid tissue it has been necessary to depend on biological methods for 
quantitative estimates of the potency of such preparations. 

The use of n-butanol for selective extraction of thyroxine from hydroly- 
sates of thyroid tissue was introduced by Leland and Foster (6). Blau (7) 
reported that more complete extraction of thyroxine was effected when the 
initial step was carried out in an aqueous acid medium instead of in the 
sodium hydroxide solution used in the original method. He also introduced 
an alkaline washing solution that provided a more favorable distribution 
ratio for removal of non-thyroxine iodine compounds from the n-butanol 
extract. In a second communication Blau (8) reported that the thyroxine 
could be extracted selectively from thyroid tissue after only 6 hours hy- 
drolysis in 8 per cent barium hydroxide, thus avoiding the losses encoun- 
tered during the longer hydrolysis with 2 N sodium hydroxide. 

In the present report the thyroxine values obtained on iodinated pro- 
teins by biological assay and by a chemical extraction procedure have been 
compared. While Blau’s original method appears not to be entirely specific 
for thyroxine when applied to iodinated proteins, a modification is intro- 
duced that yields values which compare very favorably with those obtained 
by biological assays. 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 982. 
t Present address, Department of Physiology and Pharmacology, Michigan 
State College, East Lansing, Michigan. 
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600 THYROXINE IN IODINATED CASEIN 


EXPERIMENTAL 

The first analyses were made ‘on a series of preparations described pre. 
viously by Reineke, Williamson, and Turner (9) in which the amount of 
iodine added during the iodination was increased progressively in the sue. 
cessive preparations. The procedure was similar to that described by 
Blau (8) except that a smaller portion of iodinated casein was taken for the 
final analysis because of its higher thyroxine content compared to that of 
thyroid tissue. 

Hydrolysis in 8 Per Cent Barium Hydroxide—\.0 gm. of iodinated casein, 
3.2 gm. of Ba(OH).-8H.O, and 2 ml. of n-butanol were mixed with 50 ml. 
of distilled water in a 125 ml. Erlenmeyer flask and boiled gently under a 
reflux on a hot-plate for 6 hours. The hydrolysates were transferred to 
volumetric flasks, acidified with dilute hydrochloric acid, and made up to 
100 ml. Aliquots containing 25 ml. of this hydrolysate were then extracted 
and analyzed for n-butanol-soluble iodine as in the Blau procedure. 

The assays on tadpoles, expressed as the percentage response produced by 
each preparation compared to a dl-thyroxine standard, are taken from the 
previous report (9). Since we have found that iodinated proteins con- 
sistently produce a greater effect on tadpoles than would be expected from 
their stimulation of metabolic rate in guinea pigs, the data on tadpoles are 
not believed to provide an absolute measure of thyroxine content. They 
do, however, indicate the relative thyroidal potency of each preparation 
compared to that of other members of the series. 

When compared with the tadpole assays (Fig. 1), the thyroxine values 
obtained by the chemical procedure designed for thyroid tissue foliow the 
same general course on preparations of increasing iodine content until the 
point of optimum iodination or maximum thyroidal potency is reached. 
Thereafter, the analytical values show only a small decrease, whereas the 
biological assay indicates an abrupt decline in activity. The apparent 
thyroxine content ranged from 1.39 per cent in the least active to 3.0 per 
cent in the most active preparation of the series. 

lodinated casein that was formed under the same conditions that were 
employed to prepare the product of the highest apparent thyroxine content 
in this series was used for the isolation of thyroxine (3). Metabolic assays 
on guinea pigs of the active acid-insoluble products obtained in the course 
of the isolation procedure indicated that the iodinated casein contained 
approximately 2 per cent thyroxine. 

With this in mind it seemed that the thyroxine content found in the pres 
ent instance was considerably too high. It seemed possible that the exces 
sive values might be due to incomplete hydrolysis, resulting in split- 
products that were soluble in n-butanol but that still retained some iodi- 
nated but non-thyroxine groups in peptide combination with the thyroxine. 
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Hydrolysis in 40 Per Cent Barium H ydroxide—In order to effect more 
extensive hydrolysis the same preparations that were used in the prelimi- 
nary investigations were hydrolyzed for 20 hours with 40 per cent barium 
hydroxide. The hydrolysates were then extracted with n-butanol, and 
the iodine content of the extracts was determined as before. 

In comparison with the original method (Fig. 1) the results obtained fol- 
lowing the more intensive hydrolysis are considerably lower throughout the 
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Fic. 1. Apparent thyroxine content of iodinated casein after hydrolysis in 8 and 
40 per cent barium hydroxide solution, compared with tadpole assay. 


range of iodination. They also show a decline in thyroxine content when 
the point of optimum iodination is exceeded that is in far better agreement 
with the biological assay, although still somewhat higher in this region than 
would be expected. Guinea pig assays check satisfactorily with the chemi- 
eal procedure over the entire range of progressive iodination (Table IV). 
The apparent discrepancy could be explained by postulating the formation, 
with excessive iodination, of linkages in the protein which the tadpole is 
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unable to metabolize. The value of 1.85 per cent thyroxine obtained fo, 
the product of greatest biological potency (Fig. 1) is about what would be 
expected in a preparation of this tvpe from the previous fractionation 
data (3). 

Time Required for Hydrolysis in 40 Per Cent Barium Hydroxide—lod. 
nated casein samples taken from a preparation that yielded an apparent 
thyroxine value of 3.4 per cent when hydrolyzed as in Blau’s method were 
digested with 40 per cent barium hydroxide for periods of 4 to 28 hours and 
analyzed for apparent thyroxine content. The value of 3.11 per cent thy. 
roxine, obtained after hydrolysis for 4 hours, declined to 2.62 per cent in 
8 hours and thereafter did not change appreciably during the period up to 
28 hours (Table I). 


TaBLe I 


Effect of Various Periods of Hydrolysis in Barium Hydroxide Solution on Thyrozine 
Value Obtained on Iodinated Casein Preparation 








Time hydrolyzed Thyroxine In Ba(OH): solution 
hrs. per cent per cent 
4 | 3.11 
6 2.77 40 
8 2.62 40 
16 2.63 40 
20 2.70 40 
28 2.58 40 
6 3.43 8 








The n-butanol-soluble fraction obtained after 8 or more hours of hydroly- 
sis is very stable, as is shown by its ability to withstand long continued 
heating under the conditions employed. If all of the iodine in this portion 
is calculated as thyroxine, excellent agreement is found between the results 
thus obtained and the metabolic assay of either the fraction itself or the 
original iodinated casein, as will be shown later. 

In view of the foregoing a 20 hour hydrolysis in 40 per cent barium 
hydroxide was used in the subsequent analyses. 


Analytical Procedure 


Hydrolysis—Exactly 1.0 gm. of iodinated casein, 3.2 gm. of Ba(OH)y 
8H.O, and 6.4 ml. of distilled water are placed in a 25 X 200 mm. test-tube. 
An air-cooled reflux condenser is attached, and the test-tube is placed ina 
vigorously boiling water bath. When the barium hydroxide has dissolved, 
the contents of the tube are stirred well, care being taken to work any 
material adhering to the side walls down into the solution. The prepart 
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tion is then replaced in the boiling water bath, and the heating is continued 
for a total of 20 hours. 

The hydrolysate is mixed with 25 ml. of distilled water, and set aside 
for a few minutes to allow the coarse precipitate of barium salts to settle. 
The supernatant fluid is then decanted into a 100 ml. volumetric flask. 
The precipitate of barium salts remaining in the test-tube is decomposed 
by adding 2 ml. of n-butanol and exactly 5.0 ml. of 3.5 Nn hydrochloric acid, 
shaking, and warming slightly in a water bath to effect complete solution 
of the precipitate. The dissolved substance is transferred quantitatively 
to the volumetric flask, and distilled water is added to bring the volume 
up to 100 ml. 

Extraction—A 10 or 20 ml. aliquot of the well mixed hydrolysate, con- 
taining 2 to 4 mg. of thyroxine, is delivered into a separatory funnel, and 
3 drops of 0.5 per cent bromocresol green indicator solution are added. 
The solution is then titrated with 3.5 n hydrochloric acid to a definitely 
yellow color. 

The thyroxine is extracted from the hydrolysate by shaking with 20 ml. 
of n-butanol. The butanol extract is purified in turn by shaking with an 
equal volume, and then with half the volume of 4 N sodium hydroxide solu- 
tion, containing 5 per cent sodium bicarbonate, as recommended by 
Blau (8). After each extraction the solutions should be left for an hour or 
longer to insure good separation before the*aqueous layer is drawn off. 

The purified n-butanol extract is filtered directly into a 100 ml. nickel 
erucible through a softly packed plug of glass wool that is placed in the 
stem of the separatory funnel. Finally the separatory funnel is rinsed 
with 5 ml. of n-butanol, which is drained through the glass wool into the 
crucible. The n-butanol is most conveniently removed by evaporation on 
a steam bath at atmospheric pressure, under a forced draft hood. 

The iodine content of the residue is determined by the method of Kendall 
as described by Harington (10). The per cent thyroxine in the sample is 
then estimated by multiplying the per cent iodine by 1.529. 

In principle the extraction is patterned closely after Blau’s method. A 
smaller sample of iodinated casein is required for analysis than in the case 
of thyroid substance, however, and the volume of n-butanol used for the 
extraction has been reduced sufficiently so that it can be handled easily in a 
100 ml. crucible. This permits evaporation of the solvent and alkaline 
fusion of the residue in the same container, thus avoiding the manipulations 
involved in vacuum distillation of the butyl aleohol. In practice we have 
found that a dozen determinations can easily be carried through at the 
same time by one operator. 

Recovery of Thyroxine by Extraction Procedure—Solutions of thyroxine 
alone and thyroxine plus diiodotyrosine in the amounts to be found in 
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iodinated casein samples containing 1.5 to 3.0 per cent thyroxine wer 
extracted by the procedure described. Additional samples, with caseip 
added, were carried through the entire hydrolysis and extraction procedures, 




















TaB_Le II 
Recovery of Thyroxine Iodine by Extraction Procedure 
Amount of iodine taken Found by analysis 
As thyroxine | As diiodotyrosine | Iodine Calculated as thyroxine 


Extracted directly without hydrolysis 











me més. mes. per cent recovery 

1.94 1.91 98.3 
1.94 1.91 98 .3 
1.94 9.27 1.95 100.5 
1.94 9.27 1.95 100.5 
3.88 3.78 97.3 
3.88 9.27 3.79 97 .6 
3.88 9.27 3.82 98 .4 
9.27 3.83 98.7 

9.27 0.09 

0.05 
Average recovery, thyroxine alone....................... 97.9 
‘ " # with diiodotyrosine............. 99.5 





20 hrs. hydrolysis in 40% Ba(OH).-8H,O, with 200 mg. casein added 





3.77 3.41 90.5 

3.88 9.27 3.56 91.6 

1.94 1.83 94.4 

1.94 4.64 1.85 95.4 

0.97 0.91 94.3 

0.97 2.32 0.92 95.1 

9.27 0.13 

Average recovery, thyroxine alone......... me 93.0 
6: i with diiodotyrosine . 94.0 





As determined by Kendall’s method, the thyroxine contained 64.7 per 
cent and the diiodotyrosine 54.0 per cent iodine. The latter figure ind: 
cates that the diiodotyrosine used was the dihydrate. 

The recovery of thyroxine alone averaged 97.9 per cent (Table II). With 
added diiodotyrosine an average of 99.5 per cent of the thyroxine taken 
was accounted for. These recovery figures are very similar to those re 
ported by Blau (7) by use of a larger volume of n-butanol. 

As might be expected, some loss of thyroxine occurred when the heating 
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operation with 40 per cent barium hydroxide solution was continued for 
2) hours. The recovery of thyroxine alone averaged 93.0 per cent. In 
the presence of diiodotyrosine a recovery of 94.0 per cent was obtained. 

Diiodotyrosine has but a small effect on the thyroxine value obtained, as 
is shown by the close agreement in the percentage recovery of thyroxine 
whether determined in the presence or absence of added diiodotyrosine. 
If the amount of iodine recovered from diiodotyrosine alone is calculated 
in terms of thyroxine, the error due to diiodotyrosine iodine in the usual 
analysis of iodinated casein is found to be +0.04 to +0.10 per cent. 

As a further check on this point, an iodinated casein preparation was 
hydrolyzed alone and together with diiodotyrosine, and analyzed by the 
usual procedure. As is shown in Table III, the added diiodotyrosine did 
not increase the result of the thyroxine analysis, although when run alone 
the diiodotyrosine sample showed an apparent thyroxine content of 0.061 
per cent. 

TaB_e III 


Effect of Added Diiodotyrosine on Thyroxine Analysis of Iodinated Casein 
l 





Sample taken 
Thyroxine found 








Iodinated casein Diiodotyrosine iodine | 
gm. | mg. per cent 
1.000 0 3.67 
1.000 18.8 3.62 
0 | 19.0 0.06 





As a check on the effectiveness of the n-butanol extraction of thyroxine 
from the acidified hydrolysate, analyses were carried out by use of a double 
extraction with n-butanol at this point. An increase of less than 1 per cent 
of the thyroxine present was obtained. 

Blau’s data (7) on the distribution ratio between thyroxine in n-butanol 
and the alkaline washing solution indicate the possibility of slight losses 
of thyroxine in extracting the n-butanol extract with alkali. Two iodinated 
casein samples were analyzed for thyroxine by the usual proeedure. The 
combined alkali extracts from each analysis were reextracted with 30 ml. 
of n-butanol and then washed with an equal volume and half the volume of 
4 N sodium hydroxide containing 5 per cent sodium carbonate. The 
n-butanol extract was analyzed for iodine as usual. 

The two samples contained 3.69 and 3.10 per cent thyroxine as deter- 
mined by the first analysis. 0.14 and 0.12 per cent of additional thyroxine 
was obtained by reextraction; this would amount to 3.82 and 3.97 per cent 
of the original analyses. From these results it would appear that a second 
n-butanol extraction might be desirable if extreme accuracy is required. 
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The loss of thyroxine in the single extraction is partially offset, however, by 
the diiodotyrosine retained in the n-butanol extract (Table II). 

With these results as a basis, the thyroxine content of a group of iodinated 
casein preparations was determined both by the chemical method and by 
biological assay in guinea pigs in order to establish the correlation between 


the two measures. 
Assay Procedure 


Guinea pigs weighing 600 to 1000 gm., kept in an air-conditioned room 
held at 25.5°, and fed a ration consisting of 60 per cent dehydrated cereal 
grass, 20 per cent crimped barley, and 20 per cent rolled oats were used 
for the assay. 

Groups of four healthy animals were used for each trial. On the Ist day 
of the assay period the animals were deprived of food and water for 4 hours, 
They were then weighed and the daily dosage for each guinea pig was cal- 
culated, based on the individual body weights and the chemically deter- 
mined thyroxine in the preparation. If no racemization was anticipated, 
an amount of iodinated casein sufficient to suppiy 5 to 6 y of thyroxine 
per 100 gm. of body weight was used. The preparation to be assayed was 
dissolved in a minimum amount of 0.1 N sodium hydroxide and was adminis- 
tered once daily by intraperitoneal injection over a period of 4 days. On 
the 5th day the feed was withheld for 4 hours, the animals were weighed, 
and the CO, output over a 1 hour period was determined gravimetrically by 
means of a modified Haldane respiration apparatus. The normal metabolic 
rate was established by running several hundred determinations on normal 
untreated guinea pigs. Under the conditions employed, the normal CQ; 
output can be calculated by the equation, 


Gm. CO; per hr. = (0.001) body weight + 0.1 


The percentage increase in CO, output of the injected animals over the 
normal values, calculated by the formula, was determined. 

Standard response curves were established by injecting purified J- and 
dl-thyroxine from the same lots reported on previously (3, 5) (Fig. 2). 
In confirmation of the earlier reports (5, 11), l-thyroxine was found to be 
twice as active as the racemic mixture. 

The percentage increase in CO: output of the animals injected with the 
experimental preparations above the normal values as calculated by the 
formula was determined. This figure was translated into terms of [- or 
dl-thyroxine by means of the standard response curve (Fig. 2). 

Correlation between Results of Thyroxine Analysis and Biological Assay— 
The results obtained on a group of iodinated casein preparations by the 
chemical and biological assays are compared in Table IV. Each figure 
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represents the average response of four guinea pigs. Since the thyroxine 
in iodinated casein has been shown to occur in the / form (5), the values 
obtained in the biological assays were computed in terms of /-thyroxine. 
Preparations 1 to 6 represent data on miscellaneous samples, one of 
which was assayed biologically three different times. The data for Prepa- 
rations 7 to 15 were obtained on a series of samples that were prepared by 
using progressively increasing amounts of iodine, and under conditions 
somewhat different from those used for preparing the series shown in Fig. 1. 
No trend with varying degrees of iodination is observed in the per cent 
difference obtained, indicating a high degree of specificity for the chemical 
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Fic. 2. Standard thyroxine reference curve. The open circles represent points ob- 
tained when twice the indicated quantity of dl-thyroxine was injected. 





method. The fifteen preparations analyzed showed an average thyroxine 
content of 2.79 per cent determined by biological assay and 3.04 per cent 
by chemical analysis. The tendency toward slightly lower results by the 
biological assay may be due to a difference in rate of absorption from the 
site of injection of the free thyroxine as an assay standard and the thy- 
roxine in the iodinated protein. The possibility remains, however, that 
non-thyroxine iodine may be causing the slightly higher results obtained 
with the chemical method. 

The data in Table V demonstrate a remarkable difference in absorption, 
depending upon the site of injection. In the last column the results are 
calculated as per cent absorption based on the chemical assay value as 100 
per cent. Iodinated casein injected intraperitoneally was absorbed to the 
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extent of almost 95 per cent. When the same preparation was injected 
subcutaneously, less than half the metabolic response was obtained. [py 
view of the short (5 day) assay period, it is probable that this difference 
is due to differences in the rate of absorption from the injection sites. It 
seems likely that the response by the two modes of administration would 
be equalized over longer periods of administration. 


TaBLe IV 


Data Demonstrating Correlation between Chemical and Biological Assay Methods for 
Thyroxine 





Thyroxine found 


Iodine added Sodineted | 














Poeqepetion per mole protein Increase in 
NO. _tyrosine injected CO: output che i Chemical iad 
in protein Bioassay analysis Difference 
rea | "eds Ay per cent per cent per cent per cent 
l 223 25.4 2.46 2.69 —$.6 
2 138 24.7 3.80 3.91 —2.8 
3 176 20.8 2.46 3.06 —19.6 
4 300 27 .6 2.01 2.06 —2.4 
5 150 20.9 2.90 3.88 —25.3 
6 145 25.1 3.71 3.73 —0.5 
6 161 25.0 3.3 3.73 —11.3 
6 161 25.1 3.34 3.73 —10.5 
7 $51 243 aad 1.86 2.21 —15.8 
8 5.01 | 198 23.4 2.50 2.71 —7.7 
i) 5.51 201 26.8 2.90 2.69 +7.8 
10 6.01 190 23.0 2.55 2.83 —9.9 
ll 6.51 175 23.1 2.78 3.09 —10.0 
12 7.01 74 22.2 | 2.67 3.11 —14.1 
13 8.01 | 191 26.4 | 2.98 2.83 +5.3 
14 9.01 194 23.2 2.53 2.78 —9.0 
15 10.01 209 25.8 2.66 2.58 +3.0 
Weighted average ... 2.79 3.04 —7.7 





* Estimated from the standard response curve for intraperitoneally injected 


l-thyroxine. 


Metabolic Assay of Iodinated Casein Hydrolysates—Iodinated casein 
preparations that had been analyzed for thyroxine were hydrolyzed in 40 
per cent barium hydroxide solution by the usual method. The material 
extracted by n-butanol at two different stages in the chemical procedure 
was assayed by its metabolic stimulation of guinea pigs (Table VI). The 
results were calculated in terms of dl-thyroxine, since hydrolysis in barium 
hydroxide racemizes the thyroxine (3). The biological assays show ex 
cellent agreement with the chemical analyses, indicating that the n-butanol 
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extracts prepared according to the analytical procedure contain all of the 
thyroxine originally formed in the iodinated protein. Furthermore, all 
of the thyroidal activity of the original iodinated protein is accounted for 
by its thyroxine content as determined chemically. While these experi- 


TABLE V 


Comparison of Metabolic Effect of Iodinated Casein Administered Intraperitoneally 
and Subcutaneously 





Increase in Thyroxine Absorption based 


Method of injection* 








metabolism equivalentf | on chemical assay 
per cent per cent per cent 
Intraperitoneal 25.0 3.52 94.4 
“ 2.1 | 3.54 | 949 
Subcutaneous 6.5 0.74 20.0 
ag 13.0 1.63 43.7 





* Jodinated casein containing 3.73 per cent thyroxine by chemical analysis was 
injected in each case at the rate of 161 y per 100 gm. of body weight daily. 

+ Based on the standard curve for intraperitoneally injected l-thyroxine. 

t The metabolism of one animal was high. 


TaB_e VI 


Data Showing Thyroxine Content of Samples of Iodinated Casein Carried through 
Different Stages of Chemical Assay Procedure 








Thyroxine found 


Hydrolysate 


Increase in 























injected* CO: output : 

‘tei bcs Bioassayt oe Difference 

A+ peed ry per cent per cent per cent per cent 

Acid n-butanol ex 500 24.0 2.04 2.06 —1.0 
tract 150 “st Ge 3.88 +1.3 
Acid n-butanol ex- 360 23.5 2.76 3.00 —8.0 
tract after wash- 412 22.3 2.28 2.62 —13.0 
ing with alkali 545 23.9 1.88 1.98 —5.1 

| 24 0CUd|l cli C|ttC8;« 3.67 —2.7 

| 

ee Ree r e 2.74 2.87 —4.75 





* The figures given indicate the amount of original iodinated casein represented. 
t Estimated from the standard response curve for intraperitoneally injected dl- 
thyroxine. 


ments do not wholly exclude the occurrence in iodinated proteins of an ac- 
tive compound other than thyroxine, such a compound, if present, would 
need to have a thyroidal activity per unit of iodine contained in it that is 
very similar to that of thyroxine iodine, as measured by the guinea pig 
method. 
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The method proposed for the quantitative determination of thyroxine 
in iodinated protein differs from that of Blau (8) for thyroid tissue prin. 
cipally in the use of a more intensive hydrolysis of the starting material, 
Reduction of the volumes of solution and final elimination of the n-butanol 
solvent at atmospheric pressure also simplify the final steps of the analysis, 
From the results obtained (Fig. 1 and Table I) it is clear that a vigorous 
hydrolysis is necessary to bring the material to a state where the thyroxine 
can be extracted selectively without the inclusion of other iodine com- 
pounds. It appears likely that this is due to the linkage of thyroxine with 
peptide fragments containing other iodinated amino acids which become 
soluble in n-butanol at an early stage in the hydrolysis. By the use of 
more concentrated barium hydroxide and a longer heating period, thyroxine 
is liberated as the free compound. 

Results in Table II indicate that free thyroxine can be recovered quanti- 
tatively by the extraction procedure used. The hydrolysis procedure 
applied to crystalline thyroxine results in a destruction of 6 to 7 per cent 
of the thyroxine taken. This high stability is probably due to the faet 
that thyroxine forms the insoluble barium salt under these conditions and 
thereafter is very resistant to chemical action. 

Comparison of the analytical values with results of the metabolic assays 
is facilitated by the fact that the iodinated proteins formed by our methods 
produce their physiological effects when given parenterally without previous 
hydrolysis (1, 9), and thus can be compared directly with injected thyroxine. 
By this means differences due to different degrees of absorption from the 
intestinal tract are avoided, though there is still a small discrepancy, prob- 
ably due to differences in the absorption of thyroxine and iodinated protein 
from the injection site (Tables IV and V1). 

The data presented also illustrate the high thyroxine content of iodinated 
casein that can be prepared by present methods. By proper control of the 
procedure iodinated casein containing 3 to 4 per cent of thyroxine, deter- 
mined either by chemical analysis or biological assay, can be produced 
simply and in large quantities. This is 20 to 30 times the thyroxine con- 
tent of U. 8S. P. thyroid. 


SUMMARY 


A method is presented for the determination of thyroxine in iodinated 
casein having thyroidal activity. The method is based upon hydrolysis 
of the iodinated casein with 40 per cent barium hydroxide solution, extrae- 
tion of the thyroxine with n-butanol, and determination of the iodine con- 
tent of the purified extract. 

It was shown that thyroxine can be recovered quantitatively from known 
solutions by the extraction procedure. Hydrolysis of thyroxine with 40 per 
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cent barium hydroxide for 20 hours results in destruction of 6 to 7 per cent 
of the thyroxine taken. Diiodotyrosine was shown to have a negligible 
effect on the determination. 

Excellent agreement was found between the thyroxine analysis of 
jodinated casein samples prepared under a variety of conditions and the 
biological assay value determined by the metabolic stimulation produced by 
the same preparations when injected intraperitoneally in guinea pigs. 
n-Butanol extracts of iodinated casein prepared exactly as for the chemical 
method produced a metabolic effect that was fully equiv alent to their 
thyroxine content determined chemically. 

From these results it is concluded that any non-thyroxine iodine com- 
pounds passing through the chemical procedure with thyroxine either do 
not comprise more than a small fraction of the total iedine measured, or 
they must produce a metabolic response in guinea pigs comparable to that 
produced by thyroxine. 

Iodinated casein preparations that can now be formed contain from 3 to 4 
per cent of thyroxine, determined by either chemical analysis or biological 
assay. 
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THE EFFECT OF MANGANESE COMPOUNDS AND CERTAIN 
OTHER FACTORS ON THE FORMATION OF THYROXINE 
IN IODINATED CASEIN* 


By E. P. REINEKEf anp C, W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 


(Received for publication, July 5, 1945) 


In experiments conducted in our laboratory during recent years it has 
been found that the thyroidal activity of iodinated proteins is influenced 
markedly by the conditions employed during their preparation. In earlier 
communications it has been shown that when the protein is iodinated in a 
mildly alkaline sodium bicarbonate solution a product of surprisingly high 
thyroidal potency is obtained by limiting the addition of iodine to the 
amount required to substitute 2 atoms per molecule of tyrosine in the pro- 
tein (1, 2) and, secondly, by incubating the iodinated protein at the ele- 
vated temperature of 60-70° (3). It was also observed (3) that the forma- 
tion of active substance was apparently catalyzed by the metals in a brass 
stirrer that was used in making up part of the preparations. 

From our own experiments (1-3) as well as those of Ludwig and von Mut- 
zenbecher (4), Harington and Pitt Rivers (5), and Johnson and Tewkesbury 
(6) it was believed that the formation of thyroxine in an iodinated protein 
must be an oxidative process, involving the coupling of two diiodotyrosine 
radicals and elimination of one side chain. It thus seemed conceivable that 
the reaction might be expedited by use of the proper oxidative catalyst and 
maintenance of mildly oxidative conditions in the reaction medium. Evi- 
dence that this is true is provided by the experiments to be reported. 


EXPERIMENTAL 


lodine was combined with the protein in an aqueous medium buffered 
with sodium bicarbonate by the same general procedure described pre- 
viously (1). Except in one group of preparations that was maintained at 
37° throughout, the iodination was conducted at 38-40°, followed by incu- 
bation at 70° for 18 to 20 hours. Factors such as the kind and amount of 
metallic compound added, the stirring speed, and the amount of iodine and 
bicarbonate used were varied, as will be indicated in presenting the results. 

The thyroxine content of the iodinated casein formed under the various 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 981. 

t Present address, Department of Physiology and Pharmacology, Michigan State 
College, East Lansing, Michigan. 
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614 THYROXINE IN IODINATED CASEIN 


conditions was determined by chemical analysis as described by Reineke 
et al. (7). 

Effect of Metallic Compounds and Agitation on Thyroxine Formation~ 
The previous results (3) suggested that certain metals or metallic com- 
pounds might act as catalysts for the formation of thyroxine in iodinated 
protein. With this in mind samples of iodinated casein were prepared in 
the presence of copper, copper sulfate, ceric sulfate, cerous sulfate, ferric 
oxide, and ferric sulfate, but they all contained either the same or a dimin- 
ished amount of thyroxine compared to the control preparations. When a 
“eolloidal manganese dioxide” solution prepared by the reduction of 
KMn0, with glucose (8) was added, however, there was a consistent in- 
crease in the thyroxine content of the resulting iodinated casein. It seemed 
likely that the soluticn used would contain a mixture of the various oxides 


of manganese. Therefore, the effect on the reaction of a number of oxides 


and also of manganese sulfate was tested. 

In all of the recent experiments on the formation of iodinated casein 
having thyroidal activity, the reaction mixture has been stirred vigorously 
throughout the procecure, although evidence that this is essential has not 
been reported. It seemed of interest, therefore, to determine what effect 
the degree of agitation might have on the thyroxine content of the result- 
ing product. 

One group of preparations (Table 1) was formed by iodinating the pro- 
teins of skim milk with minimum stirring throughout the process. Sodium 
bicarbonate was added at the rate of 5 gm. per 700 ml. of milk, and then 
powdered iodine was added slowly in an amount sufficient to provide 4.5 
atoms per mole of tyrosine in the protein (1). The temperature was 
maintained at 37° during the iodination and subsequent holding period of 18 
to 20 hours. For the remaining samples listed in Table I, 20 gm. of casein 
were suspended in 700 ml. of distilled water containing 5 gm. of sodium 
bicarbonate, and 3.7 gm. of powdered iodine were added by the usual pro- 
cedure at 38-40°. Small amounts of various manganese compounds were 
added to part of the preparations, either before or after the addition of 
iodine. The reaction mixtures were then incubated at 70°, with stirring 
as indicated in Table I, for 18 to 20 hours. 

It will be noted that at 37° and with very gentle stirring a product con- 
taining less than 0.3 per cent of thyroxine was formed. By increasing the 
incubation temperature to 70° and stirring vigorously, but without any 
added catalyst, the thyroxine formation was increased to an average of 
1.76 per cent in five preparations. 

The addition of 20 mg. of Mn;0, caused only a slight increase to 1.96 
per cent thyroxine when the stirring motors were adjusted to only 300 R.P.M. 
However, the thyroxine content of the iodinated protein increased to an 
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average of 2.88 per cent when Mn;0, was added and stirring was main- 
tained at 600 r.p.m. The amount of Mn;O, added, within the range of 10 
to 40 mg. per sample, appears to have no effect on the result. 


TABLE [ 


Effect of Incubation Temperature, Manganese Compounds, and Amount of Agitation on 
Formation of Thyroxine in Iodinated Protein 


| ee A 
Catalyst Stirring Thyroxine content Average 








Series I. Skim milk proteins iodinated and incubated at 37° 








r.p.m, per cent per cent 
None Very gentle 0.33 
- i 0.26 


“ a ¢ .-. —4 0.29 


Series II. Casein iodinated at 38-40°, incubated at 70° 











None 300 1.67 
«“ 600 1.73 
«“ 600 1.80 
«“ 600 1.75 
“ 600 1.84 1.76 
Mn;0, 300 1.94 
“ 300 1.99 1.96 
‘ 600 2.72 
600 2.93 | 
600 3.03 
600 2.78 
“ 600 2.30 
‘ 600 | 3.04 | 2.88 
Oxides from reduction of | 600 2.97 | 
KMn0, 600 2.9 =| 
- 600 2.60 2.84 
MnO, 600 2.16 
‘ 600 2.19 2.17 
Mn,0; 600 2.26 
a 600 | 2.33 2.30 
MnSO, 600 | 2.00 
. 600 | 2.13 2.07 





Results practically identical to those obtained by the addition of Mn3O, 
were observed by use of the oxides formed by the reduction of KMnQ,. 
Small, but consistent, increases in thyroxine content over that of the con- 
trol preparations were obtained by the addition of MnO2, Mn.Os;, and 
MnSO,. The latter compounds thus appear to be less effective than the 
first two in promoting the formation of thyroxine, but it seems possible 
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that this may be explained by failure to use the most effective concentra. 
tion of these substances. 

The fact that MnSO, as well as the various oxides of manganese caused 
some increase in thyroxine formation indicates that the manganese jon 
itself is the important factor in catalyzing the reaction. Increased thy. 
roxine formation was observed whether the manganese compound was 
added before the iodination or immediately preceding the incubation period, 

Effect of Manganese Oxide and Increasing Bicarbonate and Iodine Con. 
centration on Thyroxine Formation in Iodinated Casein—Farlier experi- 





TOTAL IODINE CONTENT 





., 


o— SERIEST- CONTROL 
o—o SERIES Z-PREPARED IN 
THE PRESENCE oF MN3 Oy 
5 6 7 8 9 10 
ATOMS IODINE ADDED PER MOLECULE 
OF TYROSINE IN THE PROTEIN 


THYROXINE CONTENT 
eos f 


ig 








Lé 





Fic. 1. The effect of progressive iodination in the presence of excess bicarbonate 
and Mn,0, on the thyroxine content of iodinated casein. 


ments (1, 2, 7) indicated the critical nature of the amount of iodine used 
in limiting the amount of thyroxine formed under the prescribed conditions. 
In the initial report (1) it was observed that when the iodine input was 
increased progressively in preparations buffered with a constant amount df 
sodium bicarbonate the final pH of the solutions declined in samples that 
were iodinated excessively, owing to depletion of the buffer capacity of the 
solutions by hydriodic acid that is formed as a side product in the reaction. 
Thus, it seemed possible that this decline in pH, if carried below the opti- 
mum level for the formation of thyroxine, might become a limiting factor. 
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As a further check on this point, two series of iodinated casein prepara- 
tions were made up by the procedure employed previously (2) except that 
the sodium bicarbonate added was increased proportionately with the 
jodine in successive preparations. In all cases, sodium bicarbonate equiva- 
lent to 1.35 times the weight of the iodine to be used was added before 
jodination was begun. Under these conditions the pH of all of the solu- 
tions was maintained within the range of approximately 8.0 to 8.5 through- 
out the process. No catalyst was added to the control preparations 
(Series I). In Series II, 20 mg. of Mn 3Q, were added to each preparation 
before iodination was begun. The stirring motors were adjusted to 
600 R.P.M. in all samples. 

Under the previous conditions (1, 2) maximum thyroidal activity was 
obtained when 4.5 to 5 atoms of iodine were added per mole of tyrosinein 
the protein. With the reaction adjusted as described, however, thyroxine 
formation continued to increase (Fig. 1) until slightly more than 7 atoms 
of iodine had been added. In the presence of Mn;QO, (Series I1), maximum 
thyroxine formation occurred with the addition of 6 atoms of iodine per 
mole of tyrosine. By addition of the catalyst, thyroxine formation at the 
optimum iodination level was increased from 2.28 to 3.37 per cent. With 
excessive iodination there was a significant decline in thyroxine formation, 
but to a smaller extent than was observed under the conditions used 
formerly. The Mn;0, had no significant effect on the total iodine content 
of the preparations, as is shown in the upper part of Fig. 1. 


DISCUSSION 


The bulk of the evidence now available indicates that the formation of 
thyroxine in a protein is brought about first by iodination of the tyrosine. 
Under the proper conditions 2 molecules of the diiodotyrosine thus formed 
are oxidatively coupled with the elimination of one side chain to form 
thyroxine. Assuming the tyrosine content of casein to be 5.65 per cent (1), 
the theoretical yield of thyroxine would be 10.6 per cent. The maximum 
thyroxine content of 3.37 per cent observed in the data reported (Fig. 1) 
constitutes slightly more than 30 per cent of the theoretical conversion. 
In instances in which proper attention has been given to all of the factors 
now known to influence this reaction, iodinated casein containing 4 per 
cent or more of thyroxine has been prepared (7). 

The mechanism first proposed by Johnson and Tewkesbury (6) and 
elaborated further by Harington (9) provides a plausible theoretical back- 
ground for the formation of thyroxine by oxidative coupling of the diiodo- 
tyrosine formed during iodination of the protein. It has been necessary 
to determine the optimum conditions for the reaction by experimentation, 
however. It was suggested (6, 9) that the coupling reaction is brought 
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about by the oxidative action of iodine. The fact that some extra iodine 
above that required for substitution of 2 atoms per mole of tyrosine is 
required for maximum thyroxine formation is in line with this idea. The 
amount of excess iodine that can be used appears to depend on the pH of 
the medium. Under the conditions used formerly (1-3) the iodine was 
limited to approximately 4 to 5 atoms per mole of tyrosine. In solutions 
containing a greater excess of bicarbonate more iodine can be added before 
more extensive action, resulting in losses of activity, takes place. 

The fact that greatly increased thyroxine formation occurs in prepara- 
tions incubated at 60—-70° (3) after iodination at 38-40° suggests that during 
the iodination the principal reaction is that of substituting iodine in 
tyrosine and that the coupling reaction occurs in large part during the 
incubation step. 

Kohler and Hoover' have found that the formation of thyroxine in 
iodinated casein is diminished markedly if the iodination and incubation 
processes are carried out under nitrogen. When the iodination only was 
conducted under nitrogen and the reaction mixture was then aerated vigor- 
ously during the incubation period, a large increase in the thyroxine content 
of the iodinated casein was observed. The increase in thyroxine formation 
with vigorous agitation, as noted in the present report (Table I), is believed 
to be brought about by the oxidative action of the atmospheric oxygen that 
is whipped continuously into the reaction mixture. This view is verified 
by further experiments by the authors on the direct formation of thyroxine 
from diiodotyrosine (unpublished). If diiodotyrosine is incubated under 
conditions similar to those established for iodinated casein, only traces of 
thyroxine are formed if the solution is left undisturbed. Large increases 
in thyroxine formation are brought about by stirring the solutions vigor- 
ously in contact with air,-or by bubbling air through them. 

Manganese will accelerate the reaction only in the presence of oxygen. 
It thus appears to act as an oxygen carrier for the oxidative coupling reac- 
tion that is involved. 

The réle of manganese in catalyzing the formation of thyroxine in iodi- 
nated proteins in vitro is of special interest biologically in view of the finding 
of Ray and Deysach (10) that the thyroid has a special capacity for the 
storage of manganese and, further, that the injection of traces of this com- 
pound causes an increase in the oxygen consumption of guinea pigs. 

This together with the data reported in the present paper suggests that 
manganese may act catalytically in vivo as well as in vitro in promoting the 
formation of thyroxine in the thyroid gland. 


1 Kohler, G. O., and Hoover, R. D., Cerophyl Laboratories, Inc., Kansas City, 
Missouri, personal communication. 
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SUMMARY 


The effect of a number of factors on the formation of thyroxine in iodi- 
nated casein, as determined by chemical analysis, is reported. 

It is shown that, subsequent to the iodination of the protein, the amount 
of thyroxine formed is increased markedly by increasing the incubation 
temperature to 70° and agitating the solution very vigorously. The prin- 
cipal effect of agitation is believed to be the incorporation of atmospheric 
oxygen, which then brings about oxidative coupling of 2 molecules of di- 
jodotyrosine withm the protein to form thyroxine. 

The formation of thyroxine is shown to be catalyzed by a series of Mn 
compounds, including MnSO,, Mn;0,, Mn2O;, MnO, and the oxides of 
Mn obtained by the reduction of KMnQO, by glucose. Best results were 
obtained with the latter compounds and with Mn,QOx,. 

From these results, together with the reported capacity of the thyroid 
for storing manganese, it is suggested that manganese may act catalytically 
in vivo as well as in vitro in promoting the oxidative formation of thyroxine 
in the thyroid gland. 

It is also shown that, by the use of a larger excess of sodium bicarbonate 
than was employed in the earlier experiments, a larger amount of iodine 
can be added to the protein before a decline in thyroxine formation takes 
place. The thyroxine formation at the point of optimum iodination is 
greater than that observed under the former conditions. 
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A DIRECT METHOD FOR DETERMINATION OF OXYGEN AND 
CARBON DIOXIDE TENSIONS IN BLOOD* 
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"(From the Naval School of Aviation Medicine, United States Naval Air Training Bases, 
Pensacola) 


(Received for publication, August 31, 1945) 


Although satisfactory techniques for the determination of oxygen and 
carbon dioxide contents of blood have long been available, methods for 
the determination of gas tensions have been less satisfactory and, in the 
ease of the most frequently used procedures, indirect ((1) pp. 174, 298). 
The direct methods ((1) p. 309; (2-7)) depend upon the equilibration of 
a bubble of gas with blood at 37° and analysis of the bubble for carbon 
dioxide and oxygen. 

In the method to be described the technical problems inherent in the 
direct approach are minimized by the use of an instrument recently devised 
by Roughton and Scholander for micro gasometric analyses (8). The 
Roughton-Scholander (R-S) syringe, consisting of a syringe to which a 
ealibrated capillary tube has been fused, is used both as equilibration 
chamber and bubble analyzer. 


EXPERIMENTAL 


The accuracy of the bubble technique was determined by comparing 
tensions thus obtained with those obtained by a tonometer technique. 
Blood was equilibrated at 37° with a large volume of gas in a tonometer, 
and, after drawing off the blood the tensions of carbon dioxide and oxygen in 
the gas in the tonometer were determined by analysis in the Haldane appara- 
tus. Simultaneously the tensions of carbon dioxide and oxygen in the blood 
withdrawn from the tonometer were determined by the bubble method. 
The gas tensions in the tonometer were considered the standard of accuracy 
and any discrepancy between these results and those of the bubble analysis 
was considered to indicate inaccuracy in the bubble method. 

The accuracy of determinations of tension on arterial blood drawn at 
altitude and analyzed at sea-level was estimated by experiments performed 


* The opinions or assertions contained herein are the private ones of the writers 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 

t Lieutenant (Medical Corps) U. 8. N. R. 
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622 GAS TENSIONS IN BLOOD 


in the low pressure chamber at altitudes between 7700 and 14,200 feet, 
Alveolar air samples were taken before and during the blood sampling 
and were analyzed immediately for oxygen by an almost instantaneous 
physical method (tensimeter). The oxygen tension of the chamber air 
was likewise determined to give an accurate estimate of equivalent altitude, 
Gas tensions and oxyhemoglobin saturations of the blood drawn at altitude 
were determined at sea-level. With these data it was possible to compare 
the determined values for alveolar oxygen tension and arterial oxygen 
tension under conditions of moderate anoxia. It was also possible to 
compare both the arterial carbon dioxide and the arterial oxygen tensions 
with the average alveolar tensions found by Helmholz et al. (9) at the 
corresponding equivalent altitude. Furthermore, with determined values 
for both oxygen tension and oxygen saturation of the blood, it was possible 
to plot a point on the oxygen dissociation curve. In this preliminary 
work the pH was not determined, but a rough comparison was made with 
standard dissociation curves (10). Together these comparisons provided 
a reasonable basis for evaluating the accuracy of the blood gas tension 
technique as applied to blood drawn at altitude. 

The rate of change in oxygen and carbon dioxide tensions in freshly 
drawn arterial blood containing 0.01 to 0.02 per cent sodium fluoride 
was measured by performing determinations at specified intervals. 


Bubble Method for Determination of Blood Gas Tension 


Materials and Reagents— 

1. Two Roughton-Scholander syringes (30 unit or, preferably, 50 unit 
capillary). 

2. Heparin solution (Lederle), 20 per cent, and sodium fluoride, 4 
per cent, in physiological saline solution. 1 drop for each 4 ml. of blood 
provides a concentration of sodium fluoride in blood of 0.05 per cent. 

3. Needle with a rubber adapter (described in the text). 

4. Toothpick swabs (cotton). 

5. Alveolar air bag (a rubber bag from a sphygmomanometer cuff, 
with a pinch-clamp on one outlet tube and a hypodermic needle in the 
other). 

6. Water bath (37°) with a rotating device. 

7. Interval timer. 

8. Syringes, one of 10 ml. capacity for the blood sample, three of 5 ml., 
with 21 gage needles, for the saline solution, the sodium hydroxide solution, 
and the alkaline hydrosulfite solution, and two of 2 ml., with hypodermic 
needles, for the mercury and ‘‘waste.”’ 

9. Stock solution of sodium chloride, 0.9 per cent. 

10. Stock solution of sodium hydroxide, 4.0 per cent. 
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11. Alkaline hydrosulfite solution (NasS.O,). Make up fresh daily as 
follows: To 0.5 gm. of sodium hydrosulfite add 2.5 ml. of 5.6° per cent 
(1.0 x) KOH solution. Stir briefly, filter immediately through cotton, 
and draw into a 5 ml. syringe. Expel the air bubbles. 


Procedure 
Preparation of R-S Syringe—The R-S syringe is cleaned by rinsing first 


with water, then with 0.1 N lactic acid, and finally with physio-~ 


logical saline solution! The metal clip on the syringe is so adjusted that a 
definite though slight resistance is offered to motion of the plunger. 

Elimination of Air from Dead Space in Syringe and Capillary—About 
0.1 ml. of mercury and a little saline solution are drawn into the barrel 
of the syringe. The syringe is held in the upright position so that the 
mercury rests on top of the plunger and saline solution fills in around the 
mercury meniscus. The plunger is completely advanced, pushing out 
all air bubbles and leaving the capillary and cup filled with mercury and 
a trace of saline solution. Saline solution and mercury are withdrawn 
from the top until the cup is left about half full of mercury. 

Sampling of Blood Anaerobically—1 drop of heparin-fluoride solution 
for each 4 ml. of blood is introduced into a sampling syringe and a few 
small drops of mercury are added to aid in mixing. The dead space in 
the syringe is eliminated and the desired amount of arterial or venous 
blood introduced with care to avoid sucking in air bubbles. The syringe 
is immediately rotated. 

Filling R-S Syringe—A needle with a rubber adapter permitting a snug 
fit into the cup of the R-S syringe? is attached to the syringe containing 
the blood sample. A little blood is introduced into the cup of the R-S 
syringe so that it forms a layer on top of the mercury and fills the cup 
without trapping air bubbles. The needle is then advanced into the cup 
until the rubber adapter makes a tight seal. Both syringes are now held 
in the vertical position with the sampling syringe inverted and the R-S 
syringe upright. By pressing on the plunger of the sampling syringe, 
the R-S syringe is filled to the 1 ml. mark under pressure. The R-S syringe 
should always be examined to make sure that no air bubbles are present. 


' For the determinations reported in this paper a phosphate buffer solution (pH 7.3) 
was used in place of physiological saline. There is no necessity for this refinement in 
technique provided syringes are carefully cleaned and kept uncontaminated with 
acid or alkaline reagents. 

? Such an adapter can be made by pushing a No. 23 needle through a solid piece of 
rubber stopper until the rubber abuts against the base of the needle. The size of the 
piece of rubber should be so chosen that the tip of the needle projects about 1 cm. 
The rubber can be whittled down with scissors until it has a conical taper permitting 
4 snug fit into the cup of the R-S syringe. 
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Admission of Alveolar Air Bubble—A small rubber bag, such as the bag 
in the inflatable cuff of a sphygmomanometer, is used for storing alveolar 
air. One of the two rubber outlet tubes is fitted over the base of a hypo. 
dermic needle, and the other is closed with a pinch-clamp. The operator 
fills the bag in advance with his own alveolar air, so that he can liberate 
a fine jet through the needle as needed by squeezing the bag. 

The cup of the R-S syringe is emptied with the “waste’’ syringe. Care 
is taken to prevent the formation of small bubbles in the blood at the 
junction of the capillary and the cup of the R-S syringe. The tip of the 
alveolar air needle is placed near the bottom of the cup and the bag 
squeezed, thus flushing the cup with alveolar air. Simultaneously the plun- 
ger of the R-S syringe is withdrawn until the desired amount of alveolar air 
has been introduced into the capillary (25 units for an expected pO» of 
60 mm. of Hg or higher, 35 units for an expected pO, of 40 to 60 mm. of 
Hg, 45 units for an expected pO, of less than 40 mm. of Hg). The cup 
is then half filled with blood from the sampling syringe, and, with the 
R-S syringe in the upright position, the measured bubble is drawn into 
the barrel of the syringe. The syringe is then turned to the horizontal 
position so that the bubble can float freely away from the capillary.‘ The 
capillary is left full of blood but the cup is left at least partially empty, 
so that air will separate the blood from the water of the 37*bath. 

Equilibration—The syringe now contains 1 ml. of “blood, an dlveolar 
air bubble, and a little mercury, Equilibration is accomplished by rotating 
the R-S syringe in a 37° water bath for 7 minutes. To insure good mixing 
it is desirable to have lengthwise as well as rotary motion of the mercury 
and the bubble. This can be accomplished by rotating the syringe on 
a truncated conical block. 

Ejection of Mercury and Most of Blood—The R-S syringe is removed 
from the rotating device and instantly inserted into a 100 ml. cylinder 
containing water at 37°.5 Since the syringe is inverted, the mercury and 
most of the blood can be expelled into the cylinder without losing the bub- 
ble. When about 0.1 ml. of blood remains, the syringe is momentarily 
removed from the water bath and turned to the upright position. The 
bubble is slowly and smoothly advanced into the capillary during the next 
few seconds. Half the blood in the cup is then quickly sucked out and 
the syringe is replaced in the water bath, cup end first. In this way, 


* These specific quantities apply only when the capillary bore is 0.5 mm. See the 
discussion and Table IV. 

‘ When this technique is properly performed, there is no tendency for the bubble 
to break up and there is therefore no need to use caprylic alcohol to reduce surface 
tension. Caprylic alcohol is, in fact, contraindicated, because it interferes with the 
drainage of blood from the capillary wall in the subsequent bubble analysis. 

5 This cylinder is submerged in the 37° water bath. : 
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air is trapped in the cup, and maintains a separation between blood and 
water. The syringe is laid horizontally on a tray about 2 inches below 
the surface of the water. 

Bubble Analysis—The volume of the bubble, V:, is read against a white 
background with the syringe held in the horizontal position and just below 
the surface of the water in the 37° bath. The bubble length is estimated 
to 0.1 unit. 

The syringe is then taken out of the water. All gross blood is removed 
from the cup with the “waste’’ syringe and the cup is filled with saline 
solution. This solution is drawn into the capillary as far as the 50 unit 
mark,® thus diluting and washing down the blood in the capillary. The 
remaining saline solution in the cup is removed and the cup filled with 
4.0 per cent sodium hydroxide solution. With the R-S syringe in the 
upright position the alkali is slowly drawn down until its upper meniscus 
enters the capillary and falls to the 50 unit mark. The blood in the barrel 
of the syringe now forms a lower layer and the bubble floats above in a 
clear layer of alkali solution. By advancing the plunger of the syringe 
slowly, the analyst now pushes the bubble back into the capillary with 
care to obtain good drainage. The syringe is replaced on the tray in the 
37° water bath, and, after a brief period for temperature equalization, 
the second reading is taken. V2 represents the volume of the bubble after 
CO, absorption. 

The R-S syringe is again removed from the water bath and the cup is 
sucked empty with the ‘‘waste” syringe. The cup is then filled with 
alkaline hydrosulfite solution, and this is slowly drawn down with the 
R-S syringe in the upright position, until the upper meniscus of the hydro- 
sulfite enters the capillary and reaches the 50 unit mark. The bubble 
is slowly pushed: back into the capillary, the syringe is replaced in the 

37° water bath, and V;, representing bubble volume after O, absorption, 
is read. 


Calculations— 
Vi — Vz 
% CO, = v, 
Mm. CO, = % CO, X (barometric pressure — 47) 
V2 — Vs 
% Oz = V, 


Mm. O, = % O; X (barometric pressure — 47) 


Empirical correction factors, based on a comparison of results by the 
bubble method with those by the tonometer method, may be used to 
give increased accuracy. 


* For 30 unit syringes read the 30 unit mark. 
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In this laboratory the results tabulated in Table I have led to the uge 
of +2 mm. as the correttion factor for pCO, and —3 mm. as the factor 
for pOs. Individuals learning the technique should if possible establish 
their own correction factors on the basis of tonometric standards. 

Technique of Performing Simultaneous Duplicaie Analyses—Duplicate 
analyses can be performed simultaneously by one person if one R-S syringe 
is manipulated while the other rests in the water bath. Both syringes 
are rotated together for the 7 minute equilibration but the various stages 
of the subsequent bubble analysis are performed alternately on one syringe 
and then the other. The time required is but slightly greater than fora 
single analysis. 

In all instances simultaneous duplicate analyses are performed, and 
checks of 0.8 per cent (6 mm. of Hg) or better are required for both oxygen 
and carbon dioxide. 

Tonometer Technique 


Tonometer Equilibration—Tonometers were prepared by introducing 
a gas mixture with tensions in the physiological range. 5 ml. of blood wer 
then introduced and the tonometer rotated in a water bath at 37° for 
at least 20 minutes. Atmospheric pressure was maintained by opening 
the stop-cock momentarily after 5 minutes and again after 10 minutes, 

Removal of Blood from Tonometer—In preparation for the withdrawal 
of blood from the tonometer the needle with the tapered rubber adapter 
described above was attached to a 10 ml. syringe, and all air was displaced 
from the syringe and needle with mercury and saline solution. At 
the end of the equilibration period the tonometer was removed from the 
rotating device and held in the vertical position in the water bath until 
drainage was virtually complete. It was then removed from the water 
and the needle immediately pushed into the bore of the glass tubing at 
the lower end of the tonometer until the rubber adapter made a tight seal. 
The tonometer stop-cock was first opened to the side arm, so that the 
dead space could be filled with mercury, and then opened to the body of 
the tonometer. The blood was withdrawn, and the gas in the tonometer 
was immediately put under positive pressure by introducing mercury 
from a leveling bulb. 

Analysis of Gas in Tonometer—Standard techniques for sampling and 
analyzing gases in the Haldane apparatus were used. The percentages 
of carbon dioxide and oxygen in the gas in the tonometer were determined 
in duplicate, and checks of 0.08 per cent or better were required. 

Determination by Bubble Method of Gas Tensions in Blood from Tonom- 
eter—Immediately after withdrawal from the tonometer, the blood was 
introduced into a pair of R-S syringes, and carbon dioxide and oxygel 
tensions were determined by the bubble technique described above. 
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Results 


Twenty-three comparisons were made between determinations of tensions 
by the bubble method and by the tonometer method. On one occasion 
duplicate bubble analyses failed to check each other. The results of 


TaBLe I 


Comparison of Bubble Method with Tonometer Method in Determination of Gas Tensions 


in Identical Blood Samples 





—— 



























































Carbon dioxide Oxygen 
Experi- Bubble =z | Bubble 
sam es So] 
coy | | g Average 
per cent = mm. | mm. mm. Hg per cent per cent "He We mm. He 
1 | 5.6,5.2| 5.4 | 39 (42| -3 | 14.9, 14.7 | 14.8 | 106 | 106 0 
2 | 66,66|6.6 | 47/49} -—2 | 119,119 | 11.9 | 85} 78| +7 
3 | 5.3,5.9| 5.6 | 40 | 43 —3 | 13.7,13.7 | 13.7 | 98| 95| +48 
4 | 46,5.0/4.8 | 34] 35 -1 5.4, 5.3 | 5.85] 38] 36| +2 
5 | 3.5,4.1| 3.8 | 27 | 27 0 4.9, 50 | 4.95| 35] 32] 48 
6 | 5.6,5.5 | 5.55 | 40} 41 - 6.1, 6.0 | 6.05} 43] 38) +65 
7 | 3.9,3.9| 3.9 | 28 32} —4 | 15.3, 15.6 | 15.45 | 122 | 111 0 
8 | 66,62/6.4 | 46/50) -4 | 10.0,103 | 10.15| 73] 71 +2 
9 | 46,43) 4.45 | 32/36) —4 8.4, 8.9 | 8.65] 62] 51] +11* 
10 | 3.5,3.4 | 3.45 | 25 33 | ~8 8.2, 8.0 | 8.1 | 58| 47| +11* 
11 | 64,64/6.4 |46/48| -2 | 126,128 | 12.7 | 91] 88] +43 
12 | 46,42/4.4 | 32/34} -2 6.6, 7.0 | 6.8 49 | 47 +2 
13 | 3.6,39/|3.75|27/28| —1 8.5, 8.7 | 8.6 | 62] 53| +9* 
44 | 38,4.6/4.2 | 30 | 34 —4 9.6, 9.2 | 9.4 | 67] 61 +6 
15 | 83,85/8.4 | 60/50] +10*| 3.6, 3.7 | 3.65) 26] 24 +2 
16 | 4.1,4.9/ 4.5 | 32 | 33 ~} 8.5, 9.1 | 8.8 | 63) 55) +8 
17 | 5.6,5.7|5.65| 41/45! —4 | 13.0,12.5 | 12.75 | 92] 87 +5 
18 | 4.9,5.2 | 5.05 | 36 | 40 —4 8.6, 88 | 8.7 | 62} 52) +10* 
19 | 62,60/6.1 | 44/42!) +42 8.1, 73 | 7.7 | 55| 52) +3 
20 | 4.9,4.6 | 4.75 | 34 | 34 | 0 74, 7.7 | 7.55| &| 51) +43 
2 | 5.7,6.0| 5.85| 42/43) -1 | 3.2, 33 | 3.25) 23) 22) +1 
22 | 5.7,5.7| 5.7 | 41/43) —2 | 125,128 | 12.65] 91} 87 +4 
ae ae re 
Average......... | —2.3 +3.3. 

















* Not used in calculation of the average differences. 


the remaining twenty-two consecutive experiments are summarized in 
Table I and Figs. 1 and 2. 

One carbon dioxide determination was grossly in error, probably due 
to a unit error in reading the capillary calibrations. This determination 
has been omitted in calculating the average differences between results 
of the two methods. Four oxygen determinations were omitted in cal- 
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culating the average differences. All these four were in the 45 to 55 mm 
range by Haldane analysis, and the errors probably resulted from the ue 
of too large bubbles during equilibration.’ 

7 Accurate results have since been obtained in this tension range with bubble 
chosen strictly in accord with Table IV. 





Ss as Qcws = 


= 


of 





aE 





RILEY, PROEMMEL, AND FRANKE 629 


In most instances the method is accurate to +3 mm. of Hg for both 
carbon dioxide and oxygen. 

In Table II arterial oxygen tensions are compared to alveolar oxygen 
tensions under conditions of moderate anoxia (a simulated altitude of 7700 
to 14,200 feet). The subjects were not adequately trained in giving 
alveolar samples, and there was a considerable spread in alveolar oxygen 
tensions as determined. The oxygen tensions in alveolar air and arterial 
blood fell in the same range, however. There was also a satisfactory 
correspondence between the arterial carbon dioxide and oxygen tensions 
and the average alveolar tensions found by Boothby at equivalent altitudes. 


TaBLe II 


Gas Tensions in Arterial Blood Drawn at Altitude (Low Pressure Chamber) ; Correlation 
with Alveolar Air and Oxyhemoglobin Saturation 





























| | Oz tension CO: tension | 
| Low | aii, 1 
seit |Pegeute| Tec” — Atveo:| | satare 
ber, pO, | @ltitude Arterial + |Arterial) ton 
a Best | Tensimetert <2 2 
fm Be | ft. mm. He! mm. Ig | mm. Hg\| mm.He\ mm. Hg\ per cent 
Gem | 117 | 7,700] 67 | 61(+3,—3)/ Before | 59 | 36 | 33 | 
| 68 | During 
| 65 | After | 
Fra | 110 9,300 | 61 | 57(+3,—5) | Before | 67 | 36 31 | 8&7 
| «56 | During 
Hil | 95 | 13,000} 48 | 47(+8,—3)| Before | 49 | 35 | 34 | 8% 
45 _ During | 
Bea 95 | 13,000} 48 | 45(+7,—1)| Before | 44 | 35 | 30 | 76 
59 During | 
Pro 90 | 14,200 | 45 | 48(+6,—4) | Before | 51 | 34 28 79 
45 | During | 











* From Helmholz, Bateman, and Boothby (9). 
t Average tensions obtained before, during, and after sampling of the arterial 
blood. 


In no instance was the discrepancy beyond the range of variation among 
normal subjects. In the four instances in which the arterial oxyhemo- 
globin saturation was determined, points were plotted on the oxygen 
dissociation curve. Two of the four points fell close to the pH 7.4 curve. 
The other two points were somewhat to the right of the standard curve, 
possibly due to erroneously high values for arterial oxygen tension.* 

In Table III the rate of change in carbon dioxide and oxygen tensions 
in shed blood containing 0.01 to 0.02 per cent sodium fluoride is shown 


* The bubbles used were too large, and oxygen transfer may have raised the tension 
of the blood by as much as 3 or 4 mm. of Hg. 
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for twelve carefully timed experiments. Carbon dioxide tensions usually 
increased after 4 hour, probably because the blood was treated with ap 


Tas_e III 


Rate of Change in Oxygen and Carbon Dioxide Tensions in Shed Blood Containing 
0.01 to 0.02 Per Cent Sodium Fluoride 





| 








Subject | Time* Temperature pCOrz pOr 
min. . mm. He mm. He 
Ril | 3 24 37 110 
35 24 42 104 
65 24 42 99 
Pro 4 24 32 103 
35 24 36 95 : 
Lilt 3 24 37 103 
35 24 40 | 97 | 
“ft 10 24 38 102 
20 24 38 74 | 
30 24 43 | 67 
Fug 12 24 38 98 
60 0 38 91 
240 0 | 40 88 
Lil 5 24 35 87 
35 0 37 80 
Pau 5 24 23 82 
40 0 26 79 
Din 5 24 36 61 
35 24 38 52 
Lil 5 24 50 19 
35 0 49 21 
- 5 24 55 19 
35 0 56 21 
Ril 5 24 47 21 
35 0 49 23 
Lil 5 24 47 51 
35 24 45 56 





* The time in minutes refers to the interval between the sampling of the blood and 
the beginning of the bubble equilibration. 

t The samples were taken during carbon monoxide experiments. The blood con 
tained 3.6 volumes per cent of carbon monoxide. The extremely rapid rate of decline 
in oxygen tension in the second sample was unique and remains unexplained. 





insufficient quantity of sodium fluoride. Oxygen tensions in the higher 
ranges dropped several mm. after } hour at room temperature, and this 


* Subsequent work has shown that, when the concentration of sodium fluoride in 
blood is 0.05 per cent, the carbon dioxide tensions remain virtually constant. 
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tendency persisted when the blood was chilled. In the lower ranges 
of oxygen tension the rate of change was much slower. 
DISCUSSION 

Bubble Characicristics—If the oxygen tension of blood is to be determined 
by allowing the sample to equilibrate with a bubble of air, the transfer 
of gases which takes place in the process of attaining equilibrium must 
cause no significant alteration in the oxygen tension of the sample. In- 
evitably some slight alteration will occur, and, for any given oxygen 
tension, there is a definite and predictable amount of oxygen which can 
be added to or taken from a 1 ml. blood sample without causing the oxygen 
tension of the sample to change by more than i mm. of Hg. If this amount 
is first estimated, it is then possible to define the characteristics of a bubble 
which, in coming to equilibrium, will neither add to nor take away from 
the blood more than this amount. 

From a standard oxygen dissociation curve it can be seen that in the 
20 mm. of Hg tension range a change in tension of 1 mm. of Hg involves 
a 2.5 per cent change in saturation; in the 60 mm. of Hg range it involves 
a 0.4 per cent change; and in the 100 mm. of Hg range it involves only a 
0.1 percent change. The addition of 0.2 c.mm. of oxygen to 1 ml. of blood 
whose oxygen capacity is 20 volumes per cent will raise the oxygen satu- 
ration by 0.1 per cent. In coming to equilibrium with blood at 100 mm., 
therefore, the bubble must exchange not over 0.2 e.mm. of oxygen with 
the blood. 

If the analyst collects an alveolar air sample whose oxygen tension is 
100 + 20 mm. of Hg and if the oxygen tension of the blood is 100 mm. of 
Hg, then the tension of the bubble at the start of equilibration will not 
differ from that of the blood by more than 20 mm. During equilibration 
the oxygen tension of the bubble will change by a maximum of 20 mm., 
corresponding to an oxygen transfer of 20/713 or 2.8 per cent of the total 
bubble volume. Therefore, 2.8 per cent of the bubble volume must not 
exceed 0.2 c.mm., and the total bubble volume must not exceed 7.1 ¢.mm. 
This, then, is the largest bubble which can be used to equilibrate with a 
1 ml. sample of blood in the 100 mm. of Hg oxygen tension range, when 
the oxygen tension of the bubble at the start of equilibration is within 
20 mm. of that of blood, without causing an alteration in the blood oxygen 
tension of more than 1 mm. of Hg. 

: 7.1 e.mm. correspond to 18 R-S capillary units when the capillary bore 
is 0.5 mm. (1 unit = 2 mm.). <A bubble this size provides a bubble to 
blood volume ratio of 1:141. 

Bubble characteristics for blood oxygen tensions throughout the entire 

physiological range are presented in Table IV. The choice of bubble 
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size to use in any given blood oxygen tension range varies with the capillary 
bore of the R-S syringe. It is undesirable to use bubbles which are less 
than 25 units long, because the reading errors with such small bubbles 
become more significant than the errors due to oxygen transfer when q 
25 unit bubble is used. Since 50 unit capillaries are the longest available 





at present, it is not possible to use bubbles which are larger than this evep 
though, as indicated in Table IV, there would be no theoretical objections 
in the lower tension ranges. 
Time Required for Equilibration—The time required for gaseous equilibria 
to reach completion depends upon the tension gradient between gas and 


TaBLe IV 
Bubble Characteristics 


The maximum change in oxygen tension of a 1 ml. blood sample = 1 mm. of Hg. 
The oxygen capacity of blood was assumed to be 20 volumes per cent; the oxygen 
tension of the alveolar air bubble, 120 mm. of Hg at the start of equilibration, 

















Blood Bubble 

LL —— - > ay ~ Ratio of 
Or satura- | 6, required | | Bubble volume bubble 
tion change | rl one ; 0: lcm Tamers ESO : . volume 
pO for 1 mm. | Hg tension | tran ferred | Capillary bore* to blood 
Hg tension | “Change | en | | Oe 

change | 0.4mm. | 0.5mm. | 0.6mm. 

| per cons | es | es rs | 

mm. He per cent c.mm. | = c.mm. | units | units | ! eds 
| 
100 0.1 0.2 2.8 7.1 | & 18 1] 1:141 
80 0.2 0.4 5.6 7.1 28 is | 11 1:141 
60 0.4 0.8 8.4 9.5 38 24 14 1:105 
50 0.7 1.4 9.8 14.3 57 36 22 | 1:7 

40 1.3 2.6 11.2 23.2 93 58 35 1:43 
20 2.5 5.0 14.0 35.7 143 | 89 M | 1:3 


| 








*For a 04 mm. bore, 100 R-S units (Roughton-Scholander syringe) equal 3 
e.mm.; for a 0.5 mm. bore, 40 c.mm.; for a 0.6 mm. bore, 66 c.mm. 


blood, upon the specific characteristics of the gas, and upon whether or 
not a chemical combination takes place tending to speed the equilibrium 
to completion. We have found empirically that a 7 minute equilibration 
period is adequate for carbon dioxide and oxygen. 

Nitrogen Tensions—The gas which contributes the largest proportion 
of the total tension in blood, as in air, is nitrogen. While the nitrogen 
tension of an alveolar air bubble is essentially the same as that of arterial 
blood, it is higher than that of venous blood and much higher than that 
of blood drawn at altitude. When a considerable difference in nitrogel 
tensions exists between the bubble and blood at the start of a determination, 
nitrogen equilibration may not reach completion in 7 minutes. (Serial 
measurements show that the bubble is still shrinking.) After 5 or§ 
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minutes, however, the rate at which nitrogen moves from the bubble to 
the blood is so slow that carbon dioxide and oxygen equilibria are not 
significantly disturbed. 


SUMMARY 


1. A direct method for the determination of carbon dioxide and oxygen 
tensions in blood is described. 

2. The method depends upon the equilibration of a bubble of gas with 
blood at 37° and the analysis of the bubble for carbon dioxide and oxygen. 

3. The Roughton-Scholander syringe (preferably with a 50 unit capillary) 
is used both as the equilibration chamber and bubble analyzer, thus elim- 
inating the necessity for transfer of the bubble. 

4. At sea-level, the accuracy of the technique was tested by comparison 
of results with those of a tonometer technique. The results agreed within 
3 mm. of Hg in nineteen out of twenty-two cases for carbon dioxide and 
in sixteen out of twenty-two cases for oxygen. 

5. At simulated altitudes of 7700 to 14,200 feet (low pressure chamber), 
the accuracy of the technique was evaluated by comparing arterial tensions 
with alveolar tensions. The agreement between simultaneously deter- 
mined arterial and alveolar oxygen tensions was good. The agreement 
was also good between determined oxygen and carbon dioxide tensions 
in arterial blood and average alveolar tensions found by Helmholz and 
coworkers at equivalent altitudes. 

6. The carbon dioxide tension of shed blood containing 0.01 to 0.02 
per cent sodium fluoride usually increased after } hour, probably because 
the blood was treated with an insufficient quantity of sodium fluoride. 
The oxygen tension of arterial blood dropped several mm. after } hour at 
room temperature, and this tendency persisted when the blood was chilled. 
The oxygen tension of chilled venous blood remained comparatively con- 
stant. 
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THE PROTEOLYTIC INHIBITING SUBSTANCE IN THE 
EXTRACT FROM UNHEATED SOY BEAN MEAL AND 
ITS EFFECT UPON GROWTH IN CHICKS* 


By WENDELL E. HAM, R. M. SANDSTEDT, ano F. E. MUSSEHLt 


(From the Department of Agricultural Chemistry and the Department of Poultry Hus- 
bandry, Nebraska Agricultural Experiment Station, Lincoln) 


(Received for publication, September 4, 1945) 


The nutritional significance of enzymatic inhibitors which modify the 
action of enzymes acting in the digestive tract has not been heretofore 
studied, although the possibilities of such significance have been mentioned 
in some of the recent publications upon naturally occurring inhibitors (1-3). 
It has been suggested that they may be of importance in bacterial 
nutrition also (4, 5). 

It has been known for many years that the growth-promoting value of 
soy beans is greatly enhanced by heating (6). This increase in nutritional 
value of the heated soy beans was attributed by Hayward and Hafner (7) 
and by Almquist, Mecchi, Kratzer, and Grau (8) to the general raising of 
the level of the sulfur-bearing amino acids (cystine and methionine) by 
heat treatment. They have pointed out, however, that this amino acid 
deficiency may not have been the only limiting growth factor eliminated by 
autoclaving. It was also found by Almquist ef al. that supplemental 
methionine resulted in a stimulation of growth when fed with heated soy 
bean meal. 

The explanation that heat enhances the value of proteins is inconsistent 
with the generally accepted belief that elevated temperatures tend to lower 
the nutritional value of most proteins (9-11). In addition, Thayer and 
Mussehl' demonstrated that a growth-inhibiting property of raw soy beans 
was primarily due to a substance present in the raw soy beans which could 
be extracted with water, leaving a residue which compared favorably with 
autoclaved meal in nutritional value. It was likewise shown by them that 
the addition of methionine and cystine increased the nutritional value of 
both heated and unheated soy bean meal. 

Because of the similarity of properties of the growth-retarding factor 
extractable from unheated soy beans and the trypsin-inhibiting substance 
also found in these extracts, it appeared highly probable that the two were 
identical (3). 


* Published with the approval of the Director as paper No. 386, Journal Series, 
Nebraska Agricultural Experiment Station. 

t With the technical assistance of Clinton Koppes. 

‘ Thayer, R. H., and Mussehl, F. E., unpublished data from the Nebraska Depart- 
ment of Poultry Husbandry. 
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Studies were designed, therefore, to demonstrate whether partially pur. 
fied solutions of the proteolytic inhibitor would produce lowering of the rate 
of growth. Experiments were also designed to demonstrate the inhibition 
of trypsin in vitro by the material found in the small intestines of chicks 
which had been fed a ration composed of uncooked soy bean meal. 

Preparation of Inhibitor for Feeding Trials—Oil-free soy bean flake, pre. 
pared with a minimum of heat treatment, was used as the material for 
extraction.? When heated soy bean meai was required, it was prepared by 
autoclaving the raw flake for 45 minutes at 15 pounds pressure. The flake 
was finely ground before extraction. 

3000 gm. of the ground, unheated soy bean flake were added to 15 liters of 
water containing sufficient acid (114 ml. of concentrated hydrochloric acid) 
to bring the final mixture to pH 4.2, which is the isoelectric point of most of 
the soy bean proteins (12). Extraction was carried out overnight in the 
cold (4°), after which the mixture was filtered through cloth and the filtrate 
centrifuged with a Sharples supercentrifuge at 40,000 r.p.m. Only abouti 
to 7 per cent of the original soy bean protein remained in the final extraet, 
The residue from the first extraction was reextracted to minimize loss of the 
soluble inhibitor. 

Precipitation of Inhibitor from Extracts—The proteolytic inhibiting sub- 
stance could be precipitated from the extracts, along with protein, by adding 
enough acetone to make a 70 per cent solution. The inhibiting substance 
was dissolved from this precipitate with water. Further purification was 
accomplished by reprecipitation from 70 per cent acetone. The material 
thus obtained was easily dissolved (or peptized) in water. The concentr- 
tion of inhibitor in the second precipitate was from 8 to 10 times that found 
in the raw soy bean flake. Solutions of this second acetone precipitate were 
used in both feeding trials. 


Procedure 


Feeding Trials—For each trial, thirty-two 2 week-old single comb white 
Leghorn chicks of uniform size and vigor were selected and placed in ind: 
vidual heated batteries. The chicks were divided into two groups of sixteet 
birds. Each chick was fed and weighed individually and a feed consump 
tion record was kept for each bird. The feeding methods described by 
Ackerson, Blish, and Mussehl (13) were employed. Weights were taken a 
about 3 day intervals during the trials. The feeding expériments wer 
continued for 15 days. 

In Trial I the basal ration consisted of a mixed feed in which 50 per cent 
of the protein was furnished by autoclaved soy bean meal (23 per cent of the 
ration). In Trial II all of the protein supplement was of animal origitj 


? Prepared under the direction of J. W. Hayward by the Archer-Daniels-Midlané 
Company, Minneapolis, Minnesota. 
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i.e., meat scraps, fish meal, and dried buttermilk. The composition of the 
rations is given in Table I. 

The inhibitor was dissolved in water and the required aliquot carefully 
placed in the crop of each chick by means of a fast flowing pipette. The 
solutions were administered to the chicks three times daily at the time of 
each feeding. In Trial I the control chicks were given water instead of the 
inhibitor. In Trial II the controls were given a solution of the autoclaved 
inhibitor. Efficiency of gain as used in this paper is the total gain divided 
by the weight of the feed consumed. 


TaBLe I 


r 


Composition of Basal Rations Used in Feeding Trials 











Triall Trial II 
per cent | per cent 
i occu ucnew tae den abesden 35.0 36.0 
aT Pee rereneoere — Were 10.0 20.0 
OEE Ee errr ee ee Ae 10.0 10.0 
Alfalfa meal (dehydrated)...................| 5.0 5.0 
Autoclaved soy bean meal................. 23.0 
Fermentation by-product....................| 3.0 
Meat scraps............-.-----..eeeeeeeeee eel ' 5.0 
Ene ere ERA goat eee Se | 5.0 
i ae eee me 5.0 
ee eS a ae Pe | 1.8 1.8 
Sodium chloride (iodized)................... | 1.0 1.0 
RIOD. os 55.0 cbnn aks deseeeeae as 0.2 0.2 
Irradiated sterol (D blend, 200 units vitamin | 
Ds cUnVadh caoceswaseceebedecact 1.0 1.0 
100.0 100.0 
Total protein of ration................... 21.3 20.0 








To determine the effectiveness of the inhibiting substance on the trypsin 
of the chick intestinal tract the following procedure was used. Four 
4 week-old chicks (250 to 300 gm. in weight) which had been raised on a 
well balanced ration were given ad libitum only raw soy bean meal for a 
period of 4 days, whereas four others were given only autoclaved meal 
during the same period. The chicks were then killed and the contents of 
that portion of the intestines starting at a point just above the duct of the 
pancreas and ending at the juncture with the ceca were removed by washing. 
The suspension of intestinal contents thus obtained from each chick was 
diluted to a 50 ml. volume and an aliquot of 5 ml. used as the enzyme for 
digestion of 50 ml. of a 5 per cent casein substrate at pH 7.5. Proteolysis 
was determined by formol titration. 
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A 70 per cent acetone precipitate was also prepared from the water 
extract of the intestinal contents of these chicks and its inhibitory effect 
determined upon a digest consisting of 4 per cent trypsin (Armour’s 1:75) 
acting on a 5 per cent casein substrate at pH 7.5. 
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Fic. 1. Effect of feeding the proteolytic inhibitor from unheated soy bean meal on 
the growth rate of chicks fed a basal ration containing 23 per cent autoclaved soy bean 
meal. Curve A, received no inhibitor; Curve B, received 0.3 gm. of acetone-precipi- 
tated inhibitor three times daily. 

Fie. 2. Effect of feeding the proteolytic inhibitor from raw soy bean meal on 
the growth rate of chicks fed a basal ration containing supplemental protein of 
animal origin. Curve A, received 0.3 gm. of autoclaved acetone-precipitated in- 
hibitor three times daily; Curve B, received 0.3 gm. of unheated acetone-precipi- 
tated inhibitor three times daily. 


Results 


Feeding Trials—Figs. 1 and 2 show that chicks receiving the solution d 
prepared inhibitor exhibited a decreased gain compared to chicks receiving 
water or a solution of the inhibitor which had been inactivated by aute 
claving and administered in the same manner. The depression of growth 
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>. » : 
was found in the chicks receiving either the basal ration containing supple- 
mental protein composed entirely of autoclaved soy bean meal (Fig. 1) or 


TaBLe II 


Average Gain and Efficiency of Gain for Groups of Chicks in Feeding Trials 
—EE = —_ 











Average Total Total Gain per Gain per 








| 
™ Group No. total gain go g protein gm. feed | gm. protein 
e | "gm. gm. gm. gm. gm. 
I | 1. Fed proteolytic inhibitor | 20.5 | 141 | 29.61) 0.145 | 0.69 
| 2. Positive controls (water) | 47.1 - 164 34.44 0.287 1.37 
| | 
II | 1. Fed proteolytic inhibitor | 71.0 256 | 51.20 | 0.277 1.39 
2. Positivecontrols (solution | 112.0 306 | 61.20 0.366 1.83 
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Fig. 3. Effect of feeding autoclaved versus raw soy bean meal on the proteolysis 
produced by the material obtained from the small intestine of chicks. The action of 
material from the intestines of four birds which were fed (Curve A) a diet of auto- 
claved soy bean meal, or (Curve B) a diet of raw soy bean meal. 

Fie. 4. Inhibition of proteolysis by means of the inhibitor precipitated from the 
intestinal contents of chicks which had been fed raw soy bean meal. Comparison of 
tryptic digestion in the presence of precipitates obtained from the intestinal contents 
of chicks fed (Curve A) autoclaved soy bean meal or (Curve B) unheated soy bean 
meal. 


the one with no soy bean meal but supplemented by proteins from animal 
sources (Fig. 2). There was a difference, both in total gain and in the 
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efficiency of gain between the controls on the two rations, the ration con- 
taining the high proportion of autoclaved soy bean protein possessing a 
lower growth-promoting value. On the high soy bean diet, the chicks given 
the solution of inhibitor showed an efficiency of gain of 0.145 gm. as com- 
pared with 0.287 gm. for the control chicks (Table II). In the case of the 
ration containing supplemental protein of animal origin, the efficiency of 
gain of chicks receiving an equivalent amount of inhibitor was 0.277 gm. 
as compared to 0.366 gm. for the controls. 

Effectiveness of Inhibitor upon Proteolysis in Vitro—That the proteolytic 
inhibitor had a pronounced effect on the proteolysis occurring in the chick 
intestinal tract is indicated by the data presented in Fig. 3. The curves 
represent the proteolysis produced by the intestinal contents from individ- 
ual birds, four of which had been fed a diet of raw soy bean meal and four a 
diet of autoclaved soy bean meal for a period of 4 days. It is evident that 
the proteolytic activity of the intestinal contents of the chicks was lowered 
by the diet of unheated soy bean meal. 

Precipitation of Proteolytic Inhibitor from Intestinal Contents—The pro- 
teolytic inhibiting substance could be precipitated by 70 per cent acetone 
from extracts of the intestinal contents taken from the chicks receiving the 
diet of uncooked soy bean meal. As shown in Fig. 4, solutions of this 
acetone precipitate decreased the rate of proteolysis produced by trypsin. 


DISCUSSION 


The effect of inhibiting the digestion of protein and the consequent 
limitation upon growth would be expected to be dependent upon the level 
of protein fed. If the quantity of inhibitor present is below that required 
for maximum inhibition, the quantity should determine the efficiency of 
protein digestion and utilization. Inasmuch as the total proteolytic digest 
is only retarded, with a constant amount of inhibitor present the level of 
protein fed should also influence the amount of protein digested and 
accordingly should affect the growth rate. 

It will be noted from the data presented in Figs. 1 and 2 that there was 
considerable difference in the rate of gain of the chicks in the two feeding 
trials. The growth of the chicks receiving the diet containing the high level 
of soy bean protein, even when autoclaved, was far below the growth ob- 
tained with the diet containing protein known to be adequate. Some of 
this difference may have been due to palatability, as shown by the feed 
consumption data (Table II). However, large differences were also shown 
in the efficiency of gain of the chicks in the two trials. 

When a high proportion of soy bean meal was fed (50 per cent of total 
protein), chicks given the solution of inhibitor showed a rate of gain which 
was only 50 per cent of that for the controls. Chicks given an equivalent 
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amount of the inhibitor but receiving a protein supplement composed of 
more complete proteins made a rate of gain which was 70 per cent of that 
of the controls. This difference indicates that the type and quality of the 
protein fed modified the effect of the proteolytic inhibitor upon growth and, 
conversely, that the effects of deficiencies in the proteins of the diet may be 
intensified by the presence of proteolytic inhibitors. 

Since the amino acid level and composition of a protein, in itself, may be 
a limiting factor as to its nutritional adequacy and therefore its growth- 
promoting value, in the case of a protein which contains a slight suboptimal 
level of one or more essential amino acids, the available level of the amino 
acids may be decreased by inhibition of proteolysis to the point where they 
become definite amino acid deficiencies; in fact, the first amino acid or 
acids which fell below requirement levels because of the lack of digestion 
would become the limiting factors upon growth. By this reasoning, me- 
thionine, which is suboptimal even in heated soy bean protein (6) (in which 
the proteolytic inhibitor has been inactivated) should appear as a limiting 
growth factor in any comparison between heated and unheated soy beans. 
It is probable that the growth response which supplemental methionine 
gives with heated soy bean meal represents the true growth stimulation due 
to methionine enrichment of the soy bean protein, while the much greater 
effect of supplemental methionine with the unheated meal is due both to the 
actual suboptimal quantity of the amino acid and to the decreased avail- 
ability of that which is present in the meal. 

The demonstration that enzyme inhibitors occurring in natural food- 
stuffs may cause deficiencies in rations which in themselves are adequate 
opens another field in nutritional research. It is obvious that substances 
which prevent complete digestion, either of proteins or of carbohydrates, 
may cause deficiencies even though the diet may be nutritionally complete. 
Enzymatic inhibitors similar to the trypsin inhibitor found in soy beans 
and the amylase inhibitors found in some of the cereals are probably present 
in other natural products. Nutritionally, others of these may be of con- 
siderable importance. The need for considering this possibility in studying 
the efficiency of rations is indicated. 


SUMMARY 


1. The proteolytic inhibiging substanee present in unheated soy bean 
meal had a retarding effect upon the growth of chicks when given with either 
a ration containing autoclaved soy bean meal or one containing a supple- 
ment composed of nutritionally adequate proteins from animal sources. 

2. The proteolytic inhibitor had a greater effect on growth when fed with 
a ration supplemented with soy bean protein than when fed with a diet 
supplemented with more complete animal proteins. 
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3. When the contents of the small intestines of chicks receiving a diet of 
raw soy bean meal were used as the enzyme on a substrate of 5 per cent 
casein (pH 7.5), proteolytic action was greatly retarded, compared to the 
action of the intestinal contents from chicks receiving a diet of autoclaved 
soy bean meal. 

4. It was possible to precipitate the proteolytic inhibiting substance from 
water extracts of the intestinal contents of chicks that had been fed un- 
cooked soy bean meal. 

5. An explanation is given for the apparent greater methionine deficiency 
of raw soy bean meal as compared to autoclaved meal. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXIII. THE DETERMINATION OF PHENYLALANINE IN PROTEIN 
HYDROLYSATES WITH LEUCONOSTOC MESENTEROIDES 
P-60 AND LACTOBACILLUS CASEI* 


By MAX 8. DUNN, 8. SHANKMAN, ann MERRILL N. CAMIEN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, July 26, 1945) 


During the past 2 years microbiological procedures! have been reported 
for the determination in proteins of thirteen of the twenty-one amino acids 
which occur in protein materials. Seven amino acids (isoleucine, glutamic 
acid, methionine, leucine, phenylalanine, tryptophane, and valine) have 
been determined with Lactobacillus arabinosus 17-5, three (arginine, 
tyrosine, and valine) with Lactobacillus casei, two (histidine and lysine) 
with Leuconostoc mesenteroides P-60, two (aspartic acid and serine) with 
Lactobacillus delbriickii (4), and one (tryptophane) with Eberthella typhosa 
T-63 (5). Comparable methods (unpublished) have been developed 
in the authors’ laboratory for the determination of cystine, glycine, and 
threonine. It is possible, therefore, to determine microbiologically all 
of the accepted amino acids except alanine, proline, hydroxyproline, 3 ,5- 
diiodotyrosine, and thyroxine. 

It has been shown, previously, that phenylalanine? is essential for the 
growth of Clostridium sporogenes (7), Corynebacterium diphtheriae (8), 
Streptococcus hemolyticus (9), Lactobacillus mannitopoeus (10), Lactobacillus 
buchneri (10), Lactobacillus lycopersici (10), Lactobacillus delbriickii (11), Lac- 
tobacillus arabinosus 17-5 (12-16), Lactobacillus casei (3, 17), and Leuconostoc 
mesenteroides P-60 (18). Although Hegsted (15) has assnyed phenylalanine 
with Lactobacillus arabinosus 17-5, the present studies were undertaken 


* For Paper XXII in this series see Camien ef al. (1). This work was aided by 
grants from the Gelatin Products Company, Merck and Company, Inc., the Nutrition 
Foundation, Inc., Schering and Glatz, and the University of California. The 
authors are indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for 
valuable suggestions and technical assistance. 

1 Literature references have been given by Dunn et al. (2). According to Baum- 
garten et al. (3) cystine, glutamic acid, isoleucine, leucine, threonine, tryptophane, 
and valine can be determined with Lactobacillus arabinosus and arginine, glutamic 
acid, isoleucine, leucine, phenylalanine, serine, tryptophane, tyrosine, and valine 
with Lactobacillus casei. 

* It is of interest that Kidder and Dewey (6) have shown recently that phenylala- 
nine is essential for the growth of the ciliated_protozoan, Tetrahymena geleii W. 
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because it appeared that the values reported for phenylalanine and other 
amino acids in casein and other proteins were less accurate than those 
obtained for the amino acids determined by analogous published methods, 
The determination of phenylalanine in protein hydrolysates with Lacto- 
bacillus casei and Leuconostoc mesenteroides P-60 is described in the present 
paper. 


EXPERIMENTAL 


The assay technique described in previous publications from this labora- 
tory was employed in the present experiments. Separate solutions of 
basal media, amino acid test mixtures, protein hydrolysates, standard 
amino acid, sodium chloride, and inocula were delivered to 4 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company 
instrument). The total volume in each case was 3 ml. All of the solutions 
were adjusted to the same concentration of sodium chloride to compensate 
for any stimulatory or inhibitory salt effects. The standard (phenylal- 
anine) was run at eight levels (0 to 16 y), the amino acid test mixtures and 
protein hydrolysates were run at five levels, and from five to six tubes 
were employed at each level of sample and from eight to twelve tubes 
at each level of standard. By using numbers of tubes more nearly sta- 
tistically significant than those usually employed, intrinsic errors inherent 
in microbiological procedures were compensated and assay values of rela- 
tively high accuracy were obtained. It was found as satisfactory to 
titrate the mixture of solutions from five or more tubes at a particular level 
of sample as to titrate the individual solutions and calculate the average 
titration value. 

A basal medium essentially of the composition shown in Paper XVIII 
(18) (Medium D, Table I, with phenylalanine omitted) was employed for 
the assay of phenylalanine with Leuconostoc mesenteroides P-60. This 
basal medium was modified to contain 1.3 and 2 times the amounts of 
the amino acids given in the table, since it was found from experiments 
on multiple amino acid media that the quantity of acid produced at any 
given concentration of phenylalanine was nearly constant at both levels 
of total amino acids. 

The basal medium utilized for the determination of phenylalanine with 
Lactobacillus casei was essentially the same as that originally described 
by Hutchings and Peterson (12) and that employed previously (17) in the 
authors’ laboratory for the assay of phenylalanine and other amino acids 
in an amino acid test mixture. The composition of this medium modified 
for use in the present experiments was dl-alanine 200 mg., natural asparagine 
200 mg., l(+)-arginine monohydrochloride 200 mg., /(+)-glutamiec acid 
200 mg., /(—)-histidine monohydrochloride monohydrate 200 mg., dl- 
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isoleucine 200 mg., /(—)-leucine 200 mg., /(+)-lysine monohydrochloride 
200 mg., di-methionine 200 mg., dl-threonine 200 mg., /(—)-tryptophane 
200 mg., /(—)-tyrosine 200 mg., dl-valine 200 mg., 1(—)-cysteine hy- 
drochloride 275 mg., dl-serine 300 mg., and folic acid 6 y per liter of solution. 
An equivalent amount of cysteine hydrochloride was substituted for cystine 


TABLE I 
Results of Assays of Phenylalanine in Amino Acid Test Mixture 1* 


























Leuconostoc mesenteroides Lactobacillus casei 
Amino - ‘ 
acid mir- “Sa N Phenylalanine foundt me 028 N — 
tube } 
Ranget Average | Per tube ae Ranget —_|_ Average | Per tube — 
y ml. ar Fy “. cig oY ay | mil. | ml. Y Y 
84.4 3.40-3.75 3.56 2.36 | 4.72 | 3.51-3.70 3.60 2.38 | 4.76 
168.8 5.07-5 .46 5.27 4.75 4.75 4.92-5.15 5.03 | 4.60 4.60 
253.2 6 .64-7 .00 6.81 7.30.) 4.86 | 5.95-6.39 | 6.20 | 7.00 | 4.67 
337.6 7 .82-8 .33 | 8.14 9.50 | 4.75 6.97-7.19 7.05 | 9.25 | 4.62 
422.9 9.20-9.74 | 9.42 12.00 4.80 | 7 .69-7 .78 7.74 ne 62 | 4.67 


j | 

* The composition of the test mixture simulating casein was the same as that given 
in Paper XVII (20) except that the mixture contained 2.83 per cent of l(—)-phenyl- 
alanine (as dl-phenylalanine). The basal medium X 2 and 5 days incubation time 
at 35° were employed with Leuconostoc mesenteroides and 3 days incubation time at 
35° was employed with Lactobacillus casei. 

t Five replicate tubes at each level of sample. 

t An average of 4.78 y of phenylalanine was found per ml. of amino acid test mix- 
ture. The average mean deviation from the mean at the different levels was 0.9 
percent. The percentage of phenylalanine recovered in the assay was 100. The 
following percentages of phenylalanine were recovered in analogous experiments: 
100 and 100 (basal medium xX 1.3, 4 days incubation), 101 and 108 (basal medium 
X 1.3, 5 days incubation), 102 and 101 (basal medium X 2, 4 days incubation), and 100 
(basal medium X 2, 5 days incubation). 

§ An average of 4.67 y of phenylalanine was found per ml. of amino acid test mix- 
ture. The average mean deviation from the mean at the different levels was 0.9 
per cent. The percentage of phenylalanine recovered was 98. The recovery of 
phenylalanine in an analogous experiment was 105 per cent. 








because of the low solubility of the latter amino acid. The amounts 
of serine and folic acid were increased, because the need for larger quanti- 
ties of these constituents was shown in unpublished experiments. Am- 
monium chloride was omitted and the remaining constituents (except 
amino acids) were the same as those give in Medium D, Table I, of Paper 
XVIII (18). 

It was shown in a series of experiments with Lactobacillus casei and 
Leuconostoc mesenteroides P-60 that dl-phenylalanine had 50 per cent of 
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the activity of 1(—)-phenylalanine. The mean deviations from the theo- 
retical response of dl-phenylalanine were +2.6 per cent at fourteen con- 
centrations (0 to 30 y) with Leuconostoc mesenteroides and +3.0 per cent 
at twelve concentrations (0 to 50 y) with Lactobacillus casei. The 


TaBLe II 


Results of Assays of Phenylalanine in Amino Acid Test Mixture 2* 


— $$$ $$$ —___—___—_ - ee 




















Leuconostoc mesenteroides Lactobacillus casei 
k.. 4 Titration volume of 0.028 N | ppenvial ; + Titration volume of 0.028N Phenylalanine 
[acon NaOH per tub enplalenine found: NaOH per tube found§ 
tube * ie ide’: | pte : ’ a en 
Ranget Average Per tube a Ranget Average | Per tube pel 
’ mil. ml. 7 Y ml m ¥ Y 
98 .4 4.28— 4.47 1.37 2.47 12.35 4.30-4.50 1.43 2.49 12.45 
196.8  6.20- 6.48 | 6.34 4.97 12.42 | 5.60-5.78 | 5.67 | 4.87 | 12.18 
295.2 7.89- 8.09 S.01 7.34 12.23 6.40-6.71 6.55 7.20 12.00 
393 .6 9.30- 9.79 9.50 9.79 12.24 6. 98-7 .34 one 9.44 11.80 


492.0 10.71-11.09 | 10.90 12.19 12.19 7 .55-8 .00 .79 (12.00 | 12.00 











* Test Mixture 2 contained 100 mg. per 100 ml. of each of the amino Seide listed in 
Test Mixture 1 except that the mixture contained 2.44 per cent of /(— )-phenylalanine 
(as dl-phenylalanine). The basal medium X 2 and 5 days incubation at 35° were 
employed with Leuconostoc mesenteroides and 3 days incubation at 35° was employed 
with Lactobacillus caset. 

t Six replicate tubes at each level of sample. 

t An average of 12.28 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 0.49 
per cent. The recovery of phenylalanine was 102.1 per cent. The recoveries of 
phenylalanine in analogous experiments with test mixtures containing lower per- 
centages of phenylalanine were 104 per cent (0.99 per cent of phenylalanine, basal 
medium X 2 and 5 days incubation time), 105 per cent (0.50 per cent phenylalanine, 
basal medium X 2 and 5 days incubation time), and 108 and 112 per cent (0.17 per 
cent phenylalanine, basal medium X 2 and 5 days incubation time). 

§ An average of 12.08 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 1.5 
per cent. The recovery of phenylalanine was 100.5 per cent. The recoveries of 
phenylalanine in analogous experiments with test mixtures containing lower per- 
centages of phenylalanine were 102 per cent (0.99 per cent phenylalanine), 106 per 
cent (0.50 per cent phenylalanine), and 117 and 120 per cent (0.17 per cent phenyl- 
alanine). 


l(—)-phenylalanine employed was prepared by Dr. A. Recsei in this 
laboratory by resolution of dl-phenylalanine according to the procedure 
of Fischer and Schoeller (19). Stokes and Gunness (16) reported in 
1944 that only the natural antipode of phenylalanine is active in 
promoting growth of Lactobacillus caset. 
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The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described earlier (20). The experimental data are given in Tables 


I to VII. 
DISCUSSION 
It has been found that phenylalanine could be determined most accur- 
ately by incubating Leuconostoc mesenteroides P-60 for 5 days at 35° in a 























TaB_e III 
Results of Assays of Phenylalanine in Amino Acid Test Mixture 3* 
| Leuconostoc mesenteroides Lactobacillus caset 
ee | Titration vol- Phenylalanine foundt Titration vol- Phenylalanine found§ 
lume of 0.111 N — ——} ume of 0.111 N 
NaOHt Pertube (Per ml.sample| NaOHt Per tube | Per ml. sample 
¥ | mil. OY 7 mil. Y OY 
250.7 7.19 2.44 4.88 9.07 2.30 4.60 
501.5 9.80 4.72 4.72 11.25 4.79 4.79 
752.2 12.10 7.25 4.83 13.23 7.55 5.03 
1003 .0 13.92 9.49 4.75 15.02 | 10.05 | 5.02 
1253 .7 15.85 12.25 4.90 16.39 | 12.40 | 4.96 





* The composition of the test mixture simulating silk fibroin was the same as that 
given in Paper XIX (21), except that the mixture contained 0.96 per cent of I(—)- 
phenylalanine (as d/-phenylalanine). The basal medium X 2 and 4 days incubation 
at 35° were employed with Leuconostoc mesenteroides and 3 days incubation at 35° 
was employed with Lactobacillus casei. 

t The solutions in the six replicate tubes employed at each level of sample were 
mixed and the mixture titrated. The average value given per tube at each level of 
sample was calculated from these data. 

t An average of 4.82 y of phenylalanine was found per ml. of amino acid test mix- 
ture. The average mean deviation from the mean at the different levels was 1.3 
per cent. The recovery of phenylalanine was 99.5 per cent. The recoveries of 
phenylalanine in analogous experiments were 103 and 104 per cent (basal medium X 
1.3, 4 days incubation), 105 and 111 per cent (basal medium X 1.3, 5 days incuba- 
tion), 103 and 103 per cent (basal medium X 2, incubation 4 days), and 101 per cent 
(basal medium X 2, 5 days incubation). 

§ An average of 4.88 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 3.1 
percent. The recovery of phenylalanine was 101.6 per cent in this experiment and 
% per cant in an analogous experiment. 


basal medium with total amino acids at twice the level employed previously 
for the assay of histidine and lysine. Under these conditions the average 
mean deviations from the mean values (five levels of samples) averaged 
about 1 per cent, the assay values for phenylalanine in casein agreed 
closely, and the recoveries of phenylalanine in the amino acid test mixtures 
and the casein hydrolysates were approximately 100 per cent. 

It appears significant that the accuracy with which phenylalanine could 
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be recovered from amino acid test mixtures decreased markedly as the 
percentage of phenylalanine decreased from 2.44 to 0.50 per cent and that 
the recoveries were unsatisfactory from such mixtures containing 0.17 
per cent of this amino acid.* Since the accuracy of microbiological assays 
may vary inversely with the proportion of the amino acid in the sample, 


TaBLe IV 


Results of Assay of Phenylalanine in Casein Hydrolysate 
































Leuconostuc mesenteroides Lactobacillus casei 
Casein per tube Phenylalanine foundt Phenylalanine found? 
corrected for Titrati , — ——E T ‘ ' ———— — 
oist and itration vol- ae itration vol- aoe 
. ash) an lume of 0.111 8 Casein lume of 0.0814 N _, Casein 
NaOH* Per tube j correc ted for NaOH* Per tube corrected for 
| moisture and moisture and 
ash | ash) 
Y m/ ¥ per cent | ml. ¥ per cent 
46.3 7.00 2.28 4.92 9.20 2.45 5.30 
92.7 9.61 $.56 4.92 11.39 4.95 5.34 
139.0 11.84 6.96 5.01 13.12 7.41 5.32 
185.4 13.56 9.01 4.86 14.50 9.32 5.03 
231.7 15.20 11.26 4.86 16.00 12.00 5.18 
Average 4.91 5.23 








* The solutions in the six replicate tubes employed at each level of sample were 
mixed and the mixture titrated. The average value given per tube at each level of 
sample was calculated from these data. 

t The basal medium X 2 and 5 days incubation were employed. The average 
mean deviation from the mean at the different levels was 0.9 percent. The following 
corrected values for phenylalanine were found from comparable assays: 4.94 and 4.% 
per cent (basal medium X 1.3, 4 days incubation), 4.88 and 5.04 per cent (basal 
medium X 1.3, 5 days incubation), 4.97 and 4.99 per cent (basal medium X 2, 4 days 
incubation), and 4.91 per cent (basal medium X 2, 5 days incubation). 

t The average mean deviation from the mean at the different levels was 1.9 per 
cent. The basal medium X 1 and 3 days incubation were employed. The corrected 
value, 5.02 per cent, was found in a comparable assay. 


there may be a limiting accuracy with which a given amino acid may 
be determined in a particular protein with a particular microorganism. 


Phenylalanine in Casein 


The percentage of phenylalanine determined under the best conditions 
(basal medium* X 2, 5 days incubation of Leuconostoc mesenteroides at 


? Since the phenylalanine content of amino acid Test Mixture 2 (with phenylala- 
nine omitted) was found by assay to be less than 0.01 per cent, contamination of these 
amino acids with phenylalanine could not be a significant factor. 

‘ The expression “basal medium X 2” signifies that the composition of the basal 
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35°) was 4.90 (4.89 and 4.91), corrected for the 6.21 per cent moisture 
and the 0.55 per cent ash reported previously (20). The average corrected 
value, 4.97 (4.89 to 5.05, range in six determinations) per cent, was ob- 
tained with Leuconostoc mesenteroides under the other stipulated conditions. 
The average corrected value found with Lactobacillus casei was 5.1 (5.1, 
5.0, and 5.2) per cent. 

It seems probable that the true value for phenylalanine in casein is 























TaBLe V 
Recovery of Phenylalanine Added to Casein Hydrolysate* 
‘ 1(—)-Phenylalanine 
so gal 1(—)-Phenyl-/ ——_—— 
(corrected for br me es Leuconostoc mesenteroides Lactobacillus casei 
moisture and| * —" — ; 
*3 abet | "tube | Recovery’ | per tubes | tube’ | Recovery| 
(1) Il (IIT) (IV) V) | (VI) (VII) (VIII) 
y a Y Y 7 per cent Y Y per cent 
23.2 1.20 | 1.14 2.41 | 105.8 1.21 2.36 | 95.8 
46.3 2.40 2.28 4.68 | 100.0 2.42 4.95 | 105.4 
69.5 3.60 3.42 6.99 99.2 3.63 7.27 101.1 
92.6 4.80 | 4.56 | 9.34 99.6 4.84 9.60 | 99.2 
115.8 6.00 5.70 11.45 95.8 | 6.05 12.51 | 107.7 
te oss wcihinem as > ake 100.1 101.8 











* The casein hydrolysate sample assayed was prepared to contain 2.40 y of l(—)- 
phenylalanine per ml. (added as twice the quantity of dl-phenylalanine) and 46.3 y 
of hydrolyzed casein (corrected for moisture and ash) per ml. Volumes of this solu- 
tion varying from 0.5 to 2.5 ml. were taken for the assays. The solutions from the 
six replicate tubes at each level were mixed and titrated. 

t Estimated on the basis of the 4.91 per cent of phenylalanine in casein given in 
Table IV. The basal medium X 2 and 5 days incubation were employed. 

t Calculated from the relation, ((IV — III)/II) X 100 = per cent recovery. 
The recoveries of phenylalanine in comparable experiments were 103 per cent (basal 
medium X 1.3, 4 days incubation), 110 per cent (basal medium X 1.3, 5 days incu- 
bation), and 100 per cent (basal medium X 2, 4 days incubation). 

§ Estimated on the basis of the 5.23 per cent of phenylalanine in casein given in 
Table IV. The unaltered basal medium and 3 days incubation were employed. 

| Calculated from the relation, ((VII — VI)/II) X 100 = per cent recovery. 


5.0 + 0.2 per cent. The uncorrected value, 4.77 per cent, has been reported 
recently by Albanese (22) who determined phenylalanine by the Kapeller- 
Adler (23) colorimetric procedure after eliminating three interfering amino 





medium (Medium D, Table I, described in Paper XVIII (18)) has been modified to 
contain twice the stated concentrations of amino acids but the same concentrations 
of all other constituents. The expression ‘‘basal medium X 1.3” is employed in this 
paper in a corresponding sense. 











650 AMINO ACIDS, PEPTIDES, AND PROTEINS. XXIII 


acids. Tryptophane was destroyed by acid hydrolysis of the casein, 
histidine was removed by adsorption on permutit, and tyrosine was de. 
stroyed by oxidation with acid KMnQ, solution. It was shown that from 
100 to 102 per cent of phenylalanine added to a mixture of histidine and 
tyrosine and to hydrolysates of casein and gelatin was recovered. It is 


Tasie VI 
Results of Assay of Phenylalanine in Silk Fibroin Hydrolysate 





























| Leuconostoc mesenteroides Lactobacillus casei 
Silk fibroin per Phenylalanine foundt Phenylalanine foundt 
tube (corrected Titrati “tes satiate -| Titrati on oniiemiemeeal 
q ration vol-/| . . tratio ol- ms e . 
forndash) | ume of 0.111 ¥ | Silk fibroin | ume of 0.111 8 Silk fibroin 
NaOH® | Pertube corrected for | NaOH — corrected for 
- moisture and , moisture and 
| ash as 
¥ mi. 1 per cent mi 1 per cent 
118.8 6.04 1.54 1.30 8.32 1.54 1.30 
237.5 7.8¢ 3.05 1.28 10.10 3.45 1.45 
356.3 9.49 4.45 1.25 11.49 5.10 1.43 
475.1 11.05 6.09 1.28 12.69 6.80 1.43 
593.9 12.48 7.68 1.29 14.00 8.61 1.45 
Average 1.28 1.41 





* The solutions from the six replicate tubes at each level of sample were mixed 


and titrated. 








t The basal medium X 2 and 5 days incubation were employed. The average mean 
deviation from the mean at the different levels was 1.0 per cent. The following | 


corrected values for phenylalanine were found from comparable assays: 1.29 per 


cent (basal medium X 1.3, 4 days incubation), 1.37 per cent (basal medium X 13, | 


5 days incubation), and 1.28 per cent (basal medium X 2, 4 days incubation). 
t The average mean deviation from the mean at the different levels was 3.3 per 
cent. The basal medium X 1 and 3 days incubation were employed. 


of interest that Kapeller-Adler (23) found values from 4.5 to 5.3 per cent 
(presumably uncorrected) for phenylalanine in casein essentially by the 
same procedure except that histidine was removed as its phosphotungstate. 


Kuhn and Desnuelle (24) determined phenylalanine by the Kapeller- | 


Adler method in an acid hydrolysate of Hammarsten casein (15.66 per 
cent nitrogen after drying 24 hours at 80°) from which the basic and d- 
carboxylic amino acids had been removed by electrodialysis. Although 
only 4.1 per cent of phenylalanine was found, about 17 per cent of the 
nitrogen in the casein sample was lost through formation of humin, con- 
version to ammonia, and adsorption on the BaSQ, precipitates. 

It is difficult to understand why the values (Table VIII) for phenylalanine 
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determined by colorimetric analysis of casein hydrolyzed with NaOH, 
HCl, H.SO,, HI, and mixtures of some of these acids should be so divergent 
and why the values for phenylalanine in casein hydrolyzed for different 
times with a given acid or base should fluctuate so widely. Although 
Schein and Berg (38) found that “neither destruction nor racemization 


TaBLe VII 
Recovery of Phenylalanine Added to Silk Fibroin Hydrolysate* 











1(—)-Phenylalanine 
Silk fibroin l(—)-Pheny]l- 

















; fi. or, _ alanine Leuconostoc mesenteroides Lactobacillus casei 
(Con added per |—— 
moisture and cube , ; | —e« 
ash) . 3B ar ya Recovery? | fibroin . ar * gaa Recovery | 
j | j tu 
(ID II) (IIT) (IV) (V) (VI) | (Vil (VIII) 
7 7 7 Y percent | Y per cent 
59.4 1.20 0.76 1.91 95.8 0.84 2.13 107.5 
118.8 2.40 1.52 3.76 93.3 1.67 4.30 109.6 
178.2 | 3.60 | 2.28 5.64 93.3 2.51 6.80 119.2 
237.55 | 4.80 | 3.04 7.63 | 95.6 3.35 8.57 108.8 
297.0 6.00 3.80 9.46 | 94.3 4.19 10.80 110.2 
oe | 
RT Rene Sie ier ers are ++] 94.5 111.1 








* The silk fibroin hydrolysate sample assayed was prepared to contain 2.40 y 
of 1(—)-phenylalanine per ml. (added as twice the quantity of dl-phenylalanine) 
and 118.8 y of hydrolyzed silk fibroin (corrected for moisture and ash) per ml. Vol- 
umes of this solution varying from 0.5 to 2.5 ml. were taken for the assays. The 
solutions from the six replicate tubes at each level were mixed and titrated. 

t Estimated on the basis of the 1.28 per cent of phenylalanine in silk fibroin given 
in Table VI. The basal medium X 2 and 5 days incubation were employed. 

t Calculated from the relation, ((I1V — III)/II) X 100 = per cent recovery. The 
recoveries of phenylalanine in comparable experiments were 97.1 per cent (basal 
medium X 1.3, incubation time 4 days), 96.2 per cent (basal medium X 1.3, incubation 
time 5 days), and 99.6 per cent (basal medium X 2, incubation time 4 days). 

§ Estimated on the basis of the 1.41 per cent of phenylalanine in silk fibroin given 
in Table VI. The unaltered basal medium and 3 days incubation were employed. 

| Caleulated from the relation, ((VII — VI)/II) X 100 = per cent recovery. 


of the basic amino acids occurs until the minimum time required [18 hours 
at 120°] for the acid [8 n H.SO,) hydrolysis of casein has been greatly 
exceeded,” it may be that phenylalanine behaves in an entirely different 
manner under these conditions. It is recognized that amino acids differ 
markedly in stability towards acids and bases and that additional studies 
should be made of phenylalanine and other amino acids under different 
experimental conditions. This problem is under investigation in the 
authors’ laboratory. 
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Taste VIII 
Percentage of Phenylalanine in Casein (Literature Values)* 
. ha | pay oe ae ae Analytical bia re 
Source of casein samplet Hydrolysis procedure ma Nay Phenylalanine on 
| No. 
per cent 7 
SES ne | 5s NaOH for 5hrs. at 125° | K-At 6.3§ 31 
Labco wee YO -s 4.8§ 31 
“hydrolyzed oe 3 5.6,§ 6.2§ | 31 
Difco vee ” at 4.3,§ 4.6§ | 31 
Source not given = ie 5.8 | 39 
s ag “* ...| 8n~ H.SO, for 2 hrs. at 125° t 3.9 . 3 
20° HC|I-HCOOH for 2 t 4.9 3 
hrs. at 125° 
** ...| Concentrated HI for 2 hrs. t 4.3 33 
at 125° 
** ...| 20% HCl for 2 hrs. at 125° t 5.0 | 3 
e ; 5 n NaOH for2 hrs. at 125 t 5.8 33 
¢ 6 ‘“¢ ...| 20% HCl for 2, 4,8, 18 hrs. “ 5.03, 4.39, 4.81, 34 
| 3.93 | 
“« « «« |..| 5nNaOH for2,4,6,18hrs.|  “ 4.97,4.73,5.71, | 34 
5.52 
$6 oe “« 17 * HBO, 2,4,8,18 “ oe 3.89, 5.69, 5.46, 34 
4.71 
Labeo, vitamin- | 
free... 5 ** NaOH “ 24 hrs. t 3.994 35 
Authors’ prepara- | 
tion** 25% H:SO, ‘ 20 t 5.5tT | 36 
Hammarsten, fat- 
free | HSO, Benzoic 2.68, 3.04, 3.2,3.4 | 37 
acidft 
H. B. Vickery..... 6 N HCl for 24 hrs. Microbio- | 3.70 15 
logical $§ 





* In 1919, Foreman (25) isolated 3.9 per cent of phenylalanine as the hydrochloride 
from an ester fraction of a sulfuric acid hydrolysate of casein. Lower percentages of 
phenylalanine were isolated earlier by Fischer (26), Fischer and Abderhalden (27), 
and Osborne and Guest (28) essentially by the same method. Boyd (29) isolated 22 
per cent of phenylalanine as its hydantoin and Baptist and Robson (30) isolated 03 
per cent of phenylalanine as its picrolonate. 

t No physical or chemical characteristics of the casein samples were reported by 
the authors quoted other than those described in the foot-notes to this table. 

t The Kappeler-Adler (23) colorimetric procedure. 

§ Calculated for casein containing 16 per cent nitrogen. 

Modified Kappeler-Adler colorimetric procedure. 

Average of several determinations (no values listed) corrected for moisture and 
ash. Tryptophane was removed as its HgSO, complex and phenylalanine deter 
mined in the mercury-free filtrate. Recovery of phenylalanine added to a mixture 
containing ten amino acids was 102.5 per cent. 
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TaBLe ViII—Concluded 


** Precipitated from milk at the isoelectric point of casein. 
tt Corrected for moisture and ash. 
tt Gravimetric determination of benzoic acid formed by oxidation of casein with 
potassium dichromate. 
§§ Lactobacillus arabinosus 17-5. 
| Recovery of phenylalanine added to casein 92.5 (74 to 110) per cent. 


Phenylalanine in Silk Fibroin 


On the whole the assays of phenylalanine in silk fibroin hydrolysates 
and the recoveries of this amino acid from these preparations were some- 
what less accurate than those obtained with casein. These results were 
not unexpected in view of the relatively low percentage of phenylalanine 
and the unusual distribution of amino acids in this protein. 

The phenylalanine content of silk fibroin determined under the most 
satisfactory experimental conditions (assay with Leuconostoc mesenteroides 
incubated 5 days at 35° with the amino acids X 2 in the basal medium) 
was found to be 1.28 per cent, corrected for the 5.68 per cent moisture and 
the 0.25 per cent ash reported previously (20). The average corrected 
value, 1.31 (1.29, 1.37, and 1.28) per cent, was obtained with Leuconostoc 
mesenteroides under the other stipulated conditions. The corrected value, 
1.41 per cent, was obtained with Lactobacillus casei. Abderhalden and 
coworkers (39-47) found that silk fibroin prepared from silk of different 
sources contained from 0.6 to 1.6 per cent of phenylalanine and other 
investigators (48-51) have reported values ranging from 0.25 to 1.3 per 
cent. 


SUMMARY 


Microbiological procedures have been described for the determination of 
phenylalanine in protein hydrolysates with two microorganisms, Leu- 
conostoc mesenteroides P-60 and Lactobacillus casei. Closely agreeing 
values for the percentage of phenylalanine in casein and in silk fibroin 
were found by assays with these organisms. The corrected percentages 
of phenylalanine in casein and silk fibroin, respectively, were found to 
be 4.91 and 1.28 per cent under the conditions considered to be most 
reliable (assay with Leuconostoc mesenteroides incubated for 5 days at 
35° in a basal medium identical with that reported previously (18) for 
the determination of lysine and histidine except that the concentration 
of total amino acids was doubled). 

It is considered that the probable true value for phenylalanine in casein 
is 5.0 + 0.2 per cent, since data of high accuracy were obtained in the 
recovery of phenylalanine from three amino acid test mixtures of different 
composition and from casein hydrolysates. This figure is in approximate 
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agreement with the values obtained by investigators who employed what 
appeared to be dependable modifications of the Kapeller-Adler colori- 
metric procedure. It is recognized, however, that the extent to which 
phenylalanine is destroyed or altered during hydrolysis of casein must 
be measured before the true value for phenylalanine in this protein can 
be determined with certainty. 
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. Boyd, W. J., Biochem. J., 27, 1838 (1933). 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXIV. THE AMINO ACID REQUIREMENTS OF LACTOBACILLUS 
FERMENTI 36* 


By MAX 8S. DUNN, MERRILL N. CAMIEN, anv 8. SHANKMAN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, September 4, 1945) 


Reasonably satisfactory procedures for the determination of the majority 
of the amino acids with Lactobacillus arabinosus, Lactobacillus casei, Lacto- 
bacillus delbriickii, and Leuconostoc mesenteroides and the assay with these 
microorganisms of purified proteins (1-9), foodstuffs (6-8, 10-14), blood 
fractions (15, 16), animal muscle and organ proteins (12, 17, 18), alcoholic 
fermentation products (19), and bacterial cells (20) have been reported. 
Microbiological methods are not available for the assay of some amino acids 
and there is need for improved procedures for the assay of others. For 
this reason, the amino acid and other nutritional requirements of Lacto- 
bacillus fermenti 36 were investigated and the potentialities of this micro- 
organism for amino acid assays were determined. 

Lactobacillus fermenti 36, a strain of mannitol-forming bacteria, was first 
isolated by Stiles, Peterson, and Fred (21) in 1925 from fermenting cereal 
infusions. The growth requirements of this microorganism have been 
studied recently by Sarett and Cheldelin (22, 23) and a microbiological 
procedure for thiamine has been described by these investigators. 

The nutritional requirements of Lactobacillus fermenti 36 were studied 
according to the plan adopted in comparable investigations of Leuconostoc 
mesenteroides P-60 (9, 24). Acid production was measured at a series of 
arbitrarily chosen levels of amino acids and other nutrients, a standard 
curve for each essential amino acid was constructed from the titration data, 
and the minimal concentration of each essential amino acid required to give 
the maximal titration was estimated from its standard curve. In addition, 
experiments with multiple media were performed to determine the levels of 
glucose, salts, purines and pyrimidines, vitamins, and amino acids at which 
the standard curves for a particular amino acid were nearly coincident 
and were approximately linear over the segment to be employed for assay 


*For Paper XXIII in this series see Dunn et al. (1). This work was aided by 
grants from the Gelatin Products Company, Merck and Company, Inc., the Nutri- 
tion Foundation, Inc., Schering and Glatz, and the University of California. The 
authors are indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for 
technical assistance. 
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Taste I 
Composition of Basal Media* 











XXIV 


Constituent Medium A Medium B 
meg. perl. meg. perl 

dl-Alanine 200 400 
l(+)-Arginine monohydrochloride 50 160 
Asparagine (natural) 400 200 
l(—)-Cystine 100 200 
1(+)-Glutamic acid 200 240 
Glycine 100 200 
l(—)-Histidine monohydrochloride mono- 

hydrate 50 90 
1(—)-Hydroxyproline 100 200 
dl-Isoleucine 200 400 
1(—)-Leucine 200 200 
1(+)-Lysine monohydrochloride 100 200 
dl-Methionine 100 200 
dl-N orleucine 100 200 
dl-Norvaline 100 200 
dl-Phenylalanine 100 200 
1(—)-Proline 100 | 200 
dl-Serine | 50 200 
dl-Threonine | 200 200 
l(—)-Tryptophane | 5O 32 
l(—)-Tyrosine | 25 100 
dl-Valine } 200 400 
Glucose 20 (gm.) 20 (gm.) 
Adenine sulfate | 12 12 
Guanine hydrochloride 12 12 
Uracil 12 12 
Xanthine 0 0 
Sodium acetate 12 (gm.) 12 (gm.) 
NH,Cl ; PF Se. Ge. * 
KH,PO, | 500 500 
K,HPO, 500 500 
MgS0,-7H,0 | 200 200 
NaCl | 5 (gm.) 5 (gm.) 
FeSO,-6H,O | 10 10 
MnS8O,-4H,O0 10 10 
Thiamine hydrochloride 1 1 
Pyridoxine 1.6 1.6 
Calcium dl-pantothenate 2 2 
Riboflavin 2 2 
Nicotinic acid 2 2 
Biotin 5 (7) 5 (y) 
Folic acid —_ hls 

0.1 0.1 


p-Aminobenzoic acid... . 


| 





ns 


Medium C 


mg 
400 
160 
200 
200 
240 
200 
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TaBLe I—Concluded 


* The sources and specifications of the listed nutrients were the same as those 
given previously (24). The composition of the medium was essentially the same as 
that of Sarett and Cheldelin (23) except that amino acids instead of acid-hydrolyzed 
casein, about one-half the concentration of sodium acetate, 1.5 times the concentra- 
tion of glucose, and from 1 to 20 times the concentration of vitamins were employed. 
Xanthine was added to the present authors’ basal medium. The basal media as 
prepared contained 6 times the concentration of the constituents given in Table I. 
The concentration of constituents of the basal media present in the final assay 
solutions was the same as that shown in Table I. Equivalent quantities of cystine 
and cysteine hydrochloride were used interchangeably. The temperature was 35° 
and the incubation time 3 days in all experiments except those in which other condi- 
tions are specified. 


purposes. A basal medium with nutrients at the minimal levels found to 
give the desired response of the microorganism was considered to be satis- 
factory for assay purposes. 

According to the authors’ experience, acid production is approximately 
maximal in a medium which is satisfactory for an amino acid assay. On the 
other hand it has been found that, contrary to the view of some workers 
(25), maximal acid production does not necessarily insure the adequacy of 
amedium. Neither acid production nor the slope of the standard curve, 
per se, is considered to be the most significant determinant of a medium’s 
assay potentialities. One of the most critical factors is believed to be the 
capacity of the medium to resist, over as wide a range of concentrations as 
possible, the stimulatory or inhibitory influence of amino acids and other 
substances which may be introduced during an assay. 


EXPERIMENTAL 


The microorganism, Lactobacillus fermenti 36, American Type Culture 
Collection, No. 9338, was obtained from the University of Oregon through 
the courtesy of Dr. V. H. Cheldelin. The culture was carried on Bacto- 
tomato juice agar (Difco), since it grew poorly on yeast-dextrose agar 
(Difeo). The assay technique was that described previously (24). Solu- 
tions of the standard amino acid, the samples, the basal media, and sus- 
pensions of the inocula were transferred to 6 inch test-tubes with the aid of a 
Brewer automatic pipette (Baltimore Biological Laboratories). The com- 
position of the basal media is given in Table I. 

The types and proportions of the substances in the basal medium (Me- 
dium A, Table I) selected arbitrarily for the initial study of the nutritional 
requirements of Lactobacillus fermenti 36 were nearly the same as those em- 
ployed previously (2). Simultaneous growth experiments were carried 
out at five levels of histidine (Medium B, Table I) and two incubation 
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temperatures. It was concluded that 35° is a satisfactory incubation tem- 
perature, since acid production increased only slowly after 72 hours and 
growth was more rapid than at 28°. 
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It is considered important that the centrifuged inoculum be suspended in 
a volume of saline approximately equal to that of the cell suspension. Al- 
though satisfactory standard curves (histidine) were obtained with un- 
diluted inocula grown in 5 ml. final volumes per 6 inch test-tube either in 
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Fic. 16. The micrograms of histidine employed were as follows: Curves A, 4 
Curves B, 30; Curves C, 20; Curves D, 10; and Curves E, 0. 
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Medium A or Medium C, inocula diluted 1: 100 did not grow in Medium A 
with up to 6 days incubation. Inocula diluted 1:100 did not grow in Me- 
dium C after 2 days incubation and growth was slow and erratic up to 6 
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Fie. 24. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C, 3; Curve D, 2; and Curve E, 1. 

Fic. 25. Days of incubation time were as follows: Curve A, 4; Curve B, 3; Curve 
C,2;and Curve D, 1. 
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Fic. 26. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C3; Curve D, 2; and Curve E, 1. 

Fic. 27. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C, 3; Curve D, 2; and Curve E, 1. 


days incubation. These observations coincide with those of Sarett and 
Cheldelin (23) who obtained poor growth of dilute inocula unless alkali- 
treated peptone was added to the medium. These results suggest that 
alkali-treated peptone contains a growth factor (or factors) not present in 
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purified casein or the present authors’ synthetic medium. Curves showing 
the experimental results are given in Figs. 1 to 27. 


DISCUSSION 

It was found with Medium A, Table I, that the amino acids arginine 
glutamic acid, histidine, isoleucine, leucine, methionine, phenylalanine 
threonine, tryptophane, tyrosine, and valine were essential nutrients and 
that the other amino acids listed were auxiliary or non-essential substances 
Standard curves showing the response of the microorganisms to differen 
levels of the eleven essential amino acids are given in Figs. 1 to 11. 

Medium B, Table I, was prepared by adjusting the concentration of the 
essential amino acids to the levels found to give maximal acid production 
in the preliminary experiments with Medium A. The changes in concen. 
tration of the other amino acids stipulated in Medium B, Table I, wer 
made arbitrarily although they were suggested by the unpublished exper. 
mental data obtained in the preliminary experiments with Medium A 
Standard curves were obtained showing the response of the microorganism 
with Medium B to different levels of the four essential amino acids, glu. 
tamic acid, histidine, methionine, and threonine.'. It may be noted that 
the linear portion of these curves (Figs. 1, a to 4, a) has been extended 
somewhat beyond the limits observed in the comparable curves with Me 
dium A. It was assumed, therefore, that Medium B would be more satis 
factory for assay purposes than Medium A. 

Experiments were next performed to determine the minimal level of total 
amino acids in Medium B required to give maximal acid production at each 
of several concentrations of each of the four amino acids, glutamic acid, 





histidine, methionine, and threonine. ‘The response of the microorganism | 
under these conditions is shown in Figs. 12 to 15. Eight media with total} 
amino acids ranging from 0.125 to 2.5 times (given as Levels | and 2) 
respectively in Figs. 12 to 15) the concentrations shown in Medium B,} 
Table I, were employed. Standard curves were obtained at five concentra 
tions of each of the four essential amino acids. These concentrations were 
0 to 160 y for glutamic acid, 0 to 40 y for histidine, 0 to 20 y for methionine, 
and 0 to 50 y for threonine. It was concluded that 1 X the concentration 
(equivalent to Level 8 of Figs. 12 to 15) of total amino acids was the min- 
mal level which would be satisfactory for the assay of these four aminé 
acids under the described experimental conditions. 


1 Experiments with multiple media in which the concentrations of total amino 
acids varied from 1 to 2.5 times those given in Medium C, Table I, were carried out 
with phenylalanine. It was observed that the standard curves were depressed 
markedly with increasing concentration of total amino acids. It appeared, there 
fore, that phenylalanine could not be determined satisfactorily with Lactobacillw 
Sermenti 36 under the described experimental conditions. 
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The nutritional adequacy of Medium B was further investigated with 
total amino acids (except histidine) present in the concentrations shown in 
Table I, but with multiple concentrations of other nutrients. Curves 
showing the response of the microorganism at five concentrations of histi- 
dine up to 24 or 40 y are shown in Figs. 16 to 23. The following observa- 
tions were made: (a) Acid production was strongly inhibited (Fig. 16) 
up to 2.5 per cent concentrations of NaCl, KCl, and an equal mixture 
of these salts, although NaCl was most strongly and the mixture least in- 
hibitory. It may be inferred, therefore, that sodium and potassium salts 
are interrelated in the metabolism of Lactobacillus fermenti 36 and that all 
solutions should be adjusted to the same concentration of NaCl and of 
KCl to compensate for any stimulatory or inhibitory effects. (6) High 
blanks and erratic response of the microorganism resulted (Fig. 17) when 
NH,Cl was omitted from the basal medium and acid production was in- 
hibited regularly up to 1.2 per cent concentration of this salt. (c) The in- 
crease in acid production (Fig. 18) was marked when glucose was increased 
from 1 to 2 per cent but the increase in acid was only slight when glucose was 
increased from 2 to 3 per cent. Acid production was not increased further 
when glucose was increased from 3 to 4 per cent. (d) There was no sig- 
nificant change in acid production (Fig. 19) when the concentration of 
sodium acetate was increased from 0.6 to 2.4 per cent. (e) Acid production 
was increased only slightly when the concentration of adenine, guanine, 
and uracil was doubled (Fig. 20) but no additional effect was noted up to 
the 5-fold level. There was a small increase in acid production (curves 
not given) at the 2-fold level of adenine, guanine, and uracil when xanthine 
at the same level was added to the medium. (f) There was a gradual 
but parallel increase in acid production (Fig. 21) up to a 5-fold level of the 
phosphate buffer salts? (Salts A). (g) Acid production was not affected 
(Fig. 22) by increasing 5 times the concentration of Salts B (magnesium, 
manganese, and iron sulfates) but it was slightly decreased at 0.5 con- 
centration of these non-buffer salts. (h) Acid production was unchanged 
(Fig. 23) up to 2 (equivalent to Level 20) times the concentration of total 
vitamins but it was decreased slightly at 0.1 (equivalent to Level 1) con- 
centration of vitamins. 

Good growth of Lactobacillus fermenti 36 and maximal acid production 
were observed in media containing no histidine, relatively low concentra- 
tions of sodium acetate and NaCl, and from 0 to 0.3 per cent of NH,CIl. 


* This effect was observed by Sarett and Cheldelin (23). It is believed to be ex- 
plained by the maintenance of a nearly constant but relatively high pH in solutions 
containing relatively high concentrations of buffer salts. Under these conditions, 
acid production would be less inhibited than in solutions containing relatively low 
concentrations of buffer salts. 
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When 10 ¥ of histidine per tube were added, acid production decreased to | th 


about 40 per cent of the maximal but above 10 ¥ of histidine it returned | 
approximately tomaximal. At 0.6 per cent NH,Cl and 1.2 per cent sodiyp, | 
acetate the blank titrations were low even in the absence of NaCl. Appar. 
ently, Lactobacillus fermenti 36 is able to synthesize histidine at relatively 
low concentrations of salts, while at higher concentrations of salts or rela. 
tively low concentrations of histidine this synthesis is partly inhibited. 

That this effect bears a relation to the time of incubation was shown jp 
other experiments with glutamic acid, histidine, methionine, and threonine, 
Although no synthesis of glutamic acid (Fig. 24) or of methionine (Fig. 26) 
occurred up to 5 days, synthesis of histidine (Fig. 25) and of threonine (Fig, 
27) was appreciable in 3 days and was marked in 4 or 5 days. It is appar. 
ent, therefore, that incubation times longer than 2 days should not be em. 
ployed for the microbiological determination of histidine or threonine under 
the described experimental conditions. It is considered probable that 
there may be particular experimental conditions under which a particular | 
amino acid may be synthesized by any microorganism. In view of this | 
possibility, it would seem to be fortuitous that it has been possible, in a 
relatively short time, to devise reasonably satisfactory procedures for the 
determination of so many amino acids by microbiological methods. 

It has been reported (21) that sucrose is better utilized by Lactobacillus 
fermenti than glucose. It was found in the present experiments that this 
microorganism did not grow on the described basal medium containing 
sucrose in place of glucose. This failure may possibly be attributed to the 
absence of small amounts of intermediate products (26, 27), essential for 
the initiation of fermentation, which are formed when media containing 
glucose are autoclaved. 

Medium C, Table I, was prepared after consideration of the data re 
corded in the curves shown in Figs. 12 to 23. It has been assumed that this 
medium is satisfactory for the microbiological determination of the amino 
acids which are essential for the growth of Lactobacillus fermenti 36 and 
experiments, designed to test the validity of this hypothesis for histidine, | 
are described in Paper XXYV. | 








SUMMARY 

Amino acids essential for the growth of Lactobacillus fermenti 36 have | 
been determined. The response of this microorganism to glutamic acid, 
histidine, methionine, and threonine at different levels of total amino acids 
and its response to histidine at different levels of NaCl, KCl, equal mix- 
tures of NaCl and KCl, NH,Cl, glucose, sodium acetate, purines and 
pyrimidines, phosphate buffer salts, non-buffer salts, and vitamins has 
been measured in terms of acid production. It has been shown that 
histidine and threonine, but not glutamic acid and methionine, are sy 
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thesized by Lactobacillus fermenti 36 after 2 days incubation under the de- 
scribed experimental conditions. It has been concluded that the basal 
medium and the experimental conditions established on the basis of the 
described experiments may be satisfactory for the determination of some 
amino acids with Lactobacillus fermenti 36. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXV. THE DETERMINATION OF HISTIDINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 


By MAX 8. DUNN, 8. SHANKMAN, anp MERRILL N. CAMIEN 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, September 4, 1945) 


The purpose of the present experiments was to test the adequacy of the 
basal medium described in the foregoing paper (1) for the determination of 
histidine in protein hydrolysates with Lactobacillus fermenti 36. It was 
desired, also, to obtain additional evidence concerning the probable true 
percentage of histidine in casein. The corrected value (3.1 per cent) 
found previously (2) was in good agreement with that (3.1 per cent) re- 
ported by Albanese (3) but it was 6 per cent higher than the percentage 
(2.9) found by Saidel and Brand (4) and 24 per cent higher than the per- 
centage (2.5) found by Vickery and Winternitz (5). 


EXPERIMENTAL 


The assay technique (6) and a modification of the basal medium (Medium 
C, Table I) described previously (1) were employed. Final volumes of 5 
ml. per 6 inch test-tube were utilized in studying the nutritional require- 
ments of Lactobacillus fermenti 36 (1) but it was found in the present work 
that growth was superior with final volumes of 3 ml. per 4 inch test-tube. 
The latter conditions are also more convenient and more economical of 
chemicals than the former. The standard (histidine) was run at fifteen 
levels, the amino acid test mixtures were run at five levels, and six tubes were 
used at each level of standard and sample. After the tubes had been in- 
cubated, it was found necessary to steam them for 10 minutes to remove 
excess gas (presumably largely carbon dioxide) which caused fading of the 
color at the end-point in the titrations. 

Relatively concentrated inocula were employed in the experiments de- 
scribed in the foregoing paper (1), since it was observed that, at dilutions of 
1:100, growth of Lactobacillus fermenti 36 in Medium A or Medium C was 
poor or did not occur even after incubation for 6 days. It was considered 


* For Paper XXIV in this series see Dunn et al. (1). This work was aided by grants 
from the Gelatin Products Company, Merck and Company, Inc., the Nutrition Foun- 
dation, Inc., Schering and Glatz, and the University of California. The authors are 
indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for valuable 
suggestions and technical assistance. 
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DUUTION OF INOCULUM a SPENSON IN Ber BAS 74 
Fic. 1. The incubation time was as follows: Curves A, 68 hours; Curves B, 4 
hours; and Curves C, 20 hours. The figures above the base-line refer to logarithms 
to the base 7.4 and those below the base-line refer to dilutions of the inoculum sus- 

pension corresponding to the indicated logarithmic values. 


TABLE I 
Results of Assays of Histidine in Amino Acid Test Mixture 1* 












































1 day incubation time 2 days incubation time 
| Titration volume | Titration volume 

Amino acid mixture! of 0.0318 nN NaOH per | Histidine found{ | of 0.0318 nw NaOH per | Histidine found} 

per tube tube tube 
Ranget — Per tube pt Ranget = | Per tube = 

x ml. mil. 7 ¥ ml, m/ Y 7 

281.4 2.16-2.30 | 2.24 5.03 | 25.15 | 2.94-3.03 | 2.98 4.90 24.50 
562.6 2.95-3.18 | 3.05 10.52 26.30 | 4.59-4.78 | 4.68 | 10.40 | 26.00 
843.9 3.62-3.80 | 3.71 | 14.75 | 24.58 | 6.20-6.29 | 6.24 | 15.40 | 25.67 
1125.2 4.19-4.40 | 4.28 | 19.55 | 24.44 | 7.31-7.50 | 7.40 | 20.42 | 25.52 
1406.5 4.70-4.89 | 4.80 | 24.10 | 24.10 | 8.39-8.81 | 8.56 | 25.75 | 25.75 
Average. ; 24.91 25.49 





The solution analyzed contained 25.00 y of histidine per ml. The recovery of 
histidine was 99.8 per cent (1 day’s incubation) and 102.2 per cent (2 days incubation). 

* The composition of the test mixture simulating casein was the same as that given 
in a previous paper (7) except that the mixture contained 1.77 per cent of histidine 
(as 1(—)-histidine monohydrochloride monohydrate). The basal medium was 
Medium C, Table I (1), with total amino acids 1.5 times the stated concentrations. 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 2.5 per 
cent (1 day’s incubation) and 1.5 per cent (2 days incubation). 


desirable, therefore, to determine the dilution of inocula which might be 
most satisfactory for assay purposes. An inoculum, incubated for 21 hours, 
was centrifuged and the cells were suspended in an equal volume of sterile 
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saline. The transmission of this suspension was found to be 74 per cent 
and its optical density was 0.133, compared with distilled water, by meas- 
urement with a photoelectric colorimeter (Lumetron) fitted with a light 
diffusion screen. 1 drop (about 0.05 ml.) of dilutions of this suspension 
up to 1:3,640,000,000 was added to separate 3.0 ml. volumes of Medium C, 
Table I (1), in 4 inch test-tubes and the tubes were incubated at 35-37° 
for periods ranging from 20 to 68 hours. In some experiments, approxi- 


TaBLe II 
Results of Assays of Histidine in Amino Acid Test Mizture 2* 





1 day incubation time 2 days incubation tame 





Titration volume 


Titration volume 
Histidine found? of 0.0318 a per Histidine foundt 
tu 


Amino acid slanere | of 0.0318 w NaOH per 























per tube tu | 

Ranget a [Per tube | b+. | Ranget Aver- Per tube | make 

Y a ml. ml. | Y an mil. mi. v Y 
404 2.09-2.11 | 2.10 | 4.15 | 20.75 | 2.61-2.81 | 2.70 | 4.00 | 20.00 
808 | 2.71-2.88 | 2.78 8.75 | 21.87 | 3.76-3.88 | 3.82 7.90 | 19.75 
1212 ~—s | 3.20-3.60 | 3.41 | 12.55 | 20.92 | 5.26-5.40 | 5.35 | 12.25 | 20.41 
1616 3.69-4.20 3.86 15.85 19.81 | 6.49-6.62 | 6.56 16.80 | 21.00 
2020 4.20-4.59 4.38 20.40 20.40 | 7.26-7.60 | 7.47 | 20.80 20.80 
ERR a aR ee 9 cute | 20.75 | 20.39 





The solution analyzed contained 20.0 y of histidine per ml. The recovery of 
histidine was 103.8 per cent (1 day’s incubation) and 102.0 per cent (2 days incu- 
bation). 

* Test Mixture 2 contained 100 mg. per ml. of each of the amino acids given in Test 
Mixture 1 except that it contained 1.00 per cent of histidine (as /(—)-histidine 
monohydrochloride monohydrate). The basal medium was Medium C, Table I 
(1), with total amino acids 1.5 times the stated concentrations. 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 2.6 per 
cent (1 day’s incubation) and 2.0 per cent (2 days incubation). 


mately 100 y of Lactobacillus fermenti 36 cells, hydrolyzed by refluxing them 
for 20 hours with 8 n HCl, were added per ml. of basal medium. Acid 
production was measured by titration with 0.0315 n NaOH. The titra- 
tion curves are shown in Fig. 1. 

It is evident that acid production decreased sharply and irregularly with 
dilutions of inocula beyond 1:7 or 1:50 and that it decreased to a low con- 
stant level at 1:400, 1:3000, and 1:500,000,000 dilutions of inocula in 
media incubated for 20, 44, and 68 hours, respectively. That growth 
and acid production occurred at higher dilutions of inocula in 4 inch than 
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Tas_e III 
Results of Assays of Histidine in Amino Acid Test Mizture 3* 


——————— 





1 day incubation time 2 days incubation time 
| 





Titration volume 


Titration volume | Bes 
of 0.0310 w NaOH per | Histidine found} 


Amino acid mixture | of 0.0310 n NaOH per | Histidine foundt 

















per tube tube | tube | 

Ranget — Per tube | tek. | Ranget a [Per tube pod 
Y ml. | mil. Y Y mi. | ml. Y y 
1253.2 1.98-2.01 | 1.98 3.73 | 18.65 2.51-2.70 | 2.64 3.72 | 18.50 
2506 .4 2.56-2.65 2.59 | 6.98 | 17.45 | 3.54-3.94 3.76 | 6.92 | 17.30 
3759 .6 | 3.16-3.30 3.22 | 10.28 | 17.13 | 4.78-5.41 | 4.96 10.42 | 17.37 
5012.8 | 3.60-3.89 | 3.79 | 13.59 16.99 | 5.67-5.98 | 5.80 13.00 | 16.25 
6266.0 4.13-4.40 | 4.30 17.43 | 17.43 | 7.14-7.88 | 7.52 | 18.90 | 18.90 
| 

ENE Se Ent pee ee | 17.53 | 17.66 














The solution analyzed contained 17.8 y of histidine per ml. The recovery of 
histidine was 98.5 per cent (1 day’s incubation) and 99.0 per cent (2 days incu- 
bation). 

* The composition of the test mixture simulating silk fibroin was the same as that 
given in a previous paper (8) except that it contained 0.284 per cent of histidine 
(as I(—)-histidine monohydrochloride monohydrate). The basal medium was 
Medium C, Table I (1), with total amino acids 1.5 times the stated concentrations, 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 2.6 per 
cent (1 day’s incubation) and 4.7 per cent (2 days incubation). 




















TaBLe IV 
Summary of Assays of Histidine in Amino Acid Test Miztures with Lactobacillus 
fermenti 36 
: . ‘ Histidine recov 
ane sige fas ith | toca | - - 
Individual Average 
days per cent per cent 
1 1.5 1 99.8, 95.0, 101.3 
1 2.5 1 101.5, 100.0, 92.0 
1 1.5 2 102.2, 100.5, 96.9, 92.1 
1 } 2.5 | 2 100.4, 103.7, 106.1 99.4 
2 1.5 1 103.8, 95.6, 99.8 
2 2.5 1 101.9, 98.5, 87.6* 
2 1.5 2 102.0, 103.5, 101.2, 99.5 
2 2.5 2 102.5, 102.2, 104.6, 106.4 101.6 
3 Peups | l 98.5, 102.0 
3 2.5 | 1 102.0, 93.3 
3 1.5 2 99.0, 98.5 
3 2.5 2 100.6, 106.5 100.0 


* Omitted in calculating the average value. 
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in 6 inch test-tubes possibly may have resulted because of decreased 
aeration in the smaller tubes. It was observed in other experiments that 
there was no growth, even of concentrated inocula, in 6 inch tubes which 
were shaken continuously. 

Acid production was essentially the same at a given time and dilution 
of inocula in media with and without added hydrolysate of Lactobacillus 
fermenti cells. It would appear, therefore, that Lactobacillus fermenti cells 
contain no acid-stable factor essential for the growth of this microorganism 
which is not present in the basal medium. In view of these experimental 


TaBLe V 
Results of Assays of Histidine in Casein Hydrolysate* 

















| 1 day incubation time 2 days incubation time 

Casein (corrected | Titration volume —: Titration volume <i 
for moisture of 0.0310 N NaOH per | Histidine found} | of 0.0310 n NaOH per | Histidine found 

and ash) per tube | tu tube 

Ranget | —_ |Per tube | Casein Ranget = Pertube | Casein 
¥ mi. | ml | oy per cent ml. mi. y per cent 
149.2 | 2.00-2.20 | 2.08 | 4.30 2.88 | 2.82-2.92 | 2.88] 4.40] 2.94 
298.4 | 2.80-3.02 | 2.93 8.72 | 2.92 | 4.28-4.90 | 4.53 | 9.15 | 3.06 
447.6 3.50-3 .83 3.66 | 12.80 | 2.86 | 5.71-6.31 | 5.95 | 13.50 | 3.02 
596.8 | 4.02-4.38 | 4. 24 | 16.88 2.92 | 7.38-8.03 | 7.65 | 19.38 | 3.24 
746.0 4.50-4.92 4.77 | 22.36 | 2.99 | 8.51-9.58 | 9.12 | 24.15 | 3.23 
EE ey ee 2.91 3.10 




















* Lactobacillus fermenti 36 and the basal medium (Medium C, Table I (1)) with 
total amino acids 1.5 times the stated concentrations were employed. 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 1.3 per 
cent (1 day’s incubation) and 3.5 per cent (2 days incubation). 


results, it was considered probable that inocula diluted more than 1:5 
would not be satisfactory for assay purposes. 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described earlier (7). The experimental data are given in Tables 
I to IX. 


Histidine in Casein 
Evidence has been presented that histidine may be determined with 
reasonable accuracy in amino acid test mixtures (Tables I to IV) and in 
casein hydrolysates (Tables V to VII) with Lactobacillus fermenti, the basal 


medium (Medium C, Table I, described in the foregoing paper (1)), and 
the experimental conditions stipulated in this paper. Although histidine 
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could not be determined accurately with a basal medium containing total 
amino acids 1 times the concentrations given previously (1), the results 
were satisfactory with basal media containing total amino acids 1.5 and 25 
times these concentrations. The results were unsatisfactory, also, when 


TaBLe VI 
Recovery of Histidine Added to Casein Hydrolysate* 





l(—)-Histidine 





Casein per tube | . : Q ‘ : ‘ — ne 
MB -' mois- 1 day incubation time 2 days incubation time 
ture and ash) 


























In casein | Added | Found | Recov- | Incasein| Added Found Recov- 

per tubef! per tube per tube ery! per tube§| per tube | per tube ery 

a) | an | am | av) v) vw) | wm | wmn | ax 
ed Y Y 7 per cent Y Y Y per cent 
74.6 | 2.16 2.00 4.21 102.5 2.31 2.00 4.14 91.5 
149.2 4.33 | 4.00 8.46 103.2 4.63 4.00 8.55 98.0 
223.8 6.49 6.00 12.20 95.2 6.94 6.00 13.05 101.8 
298 .4 8.65 8.00 16.24 94.9 9.25 8.00 16.70 93.1 
373.0 10.82 | 10.00 19.80 89.8 11.56 10.00 21.90 103.4 
Average. 97.1 97.6 





* The casein hydrolysate sample was prepared to contain 10.0 vy of histidine per 
ml. and 373.0 y of casein (corrected for moisture and ash) per ml. Volumes of this 
solution varying from 0.20 to 1.0 ml. were taken for the assays. The basal medium 
was Medium C, Table I (1), with total amino acids 1.5 times the stated concentra- 
tions. The assays were made with Lactobacillus fermenti. 

+ Estimated on the basis of the 2.91 per cent of histidine in casein given in Table V. 

t Calculated from the relation, ((IV — II)/III) X 100 = per cent recovery. The 
recoveries of histidine in comparable experiments with total amino acids in the basal 
medium (Medium C, Table I (1)) 2.5 times the stated concentrations were 95.8 and 
93.5 per cent. 

§ Estimated on the basis of the 3.10 per cent of histidine in casein given in Table V. 

Calculated from the relation, ((VIII — V1I)/VII) X 100 = per cent recovery. 








The recoveries of histidine in comparable experiments with total amino acids in the | 
basal medium (Medium C, Table I (1)) 2.5 times the stated concentrations were 


99.7, 95.4, and 103.2 per cent. 


the incubation period was longer than 2 days. The preferred assay con- 
ditions are considered to be a 2 day incubation time and total amino acids 
1.5 times the indicated concentrations. Incubation times as short as | 
or 2 days are advantageous in the routine determination of amino acids by 
microbiological procedures. } 

It has been found (Table VII) by assay with Lactobacillus ferment 
that casein, corrected for moisture and ash, contained 3.0 + 0.1 per cent 
of histidine. It seems probable that this value is nearly correct, since it 
was obtained in nine separate assays with Lactobacillus fermenti and twelve 
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separate assays with Leuconostoc mesenteroides with two casein preparations, 
two levels of total amino acids in the basal media, and incubation times of 
1 and 2 days with the first organism and 3 to 7 days incubation time with 
the second. The assay data obtained with Leuconostoc mesenteroides 


Taste VII 


Summary of Percentages of Histidine in Two Samples of Casein Determined under 
Different Conditions with Two Microorganisms* 











Total amino Histidine 
Oreanism et =e. 
medium Individual Average 
days per cent | per cent 
Lactobacillus fermenti 36 1.5 1 | 2.90,f 2.96f 

1.5 1 | 2.90 
1.5 2 3.10,¢ 3.04t 
1.5 2 | 3.05 
2.5 2 | 3.03,¢ 3.06T 

2.5 2 3.07 3.0 

Leuconostoc mesenteroides P-60 1 | 3 3.01 

| 1 | 4 | 2.94 
1 5 | 3.03, 3.05, 3.04, 

| | | 2.87 

| 2 | 4 | 3.05 

| 2 5 | 3.04, 3.09 
1 6 | 2.88 
2 6 | 3.09 
1 7 2.72% 
2 7 2.94 | 3.0 








* Medium C, Table I (1), was employed with Lactobacillus fermenti and Medium 
D, Table I (9), was employed with Leuconostoc mesenteroides. The standard his- 
tidine was run at fifteen levels, the casein hydrolysate was run at five levels, and 
six tubes were employed at each level of standard and sample in the experiments with 
Leuconostoc mesenteroides. The histidine values are corrected for the 6.21 per cent 
moisture and 0.55 per cent ash in the authors’ casein and for the 8.57 per cent mois- 
ture and 0.93 per cent ash in the 8. M. A. casein. 

t Values for authors’ casein. All other values are for S. M. A. casein. 

t Omitted in calculating the average value. 





probably were highly reliable, since average recoveries (Table VIII) of 
100.7, 100.0, and 102.9 per cent were calculated from thirty-two separate 
experiments on the recovery of histidine from three amino acid test mix- 
tures. It was reported previously (2) that casein contained 3.1 per cent 
of histidine, corrected for moisture and ash. 
Histidine in Silk Fibroin 

The histidine content of silk fibroin determined with Lactobacillus fer- 

menti under the experimental conditions given in Table [X was found to 
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be 0.33 to 0.35 per cent, corrected for moisture and ash. Although these 
figures are in close agreement with those reported previously (2), it seems 


Taste VIII 


Recovery of Histidine from Amino Acid Test Mixtures in Experiments with 
Leuconostoc mesenteroides P-60* 





—— a 





: : Total amino Histidine recovery 
ani ante pant acid level in basal | Incubation time —— 
, medium se 
Individual Average 








days per cent per cent 

1 1 3 99.3 
100.4 
103.9, 102.6, 

98.7 
99.8 
96.8 
101.3 
102.6 
104.8, 100.7 
100.7 
98.5 100.7 
100.2 
99.8 
99.0 
98.7 
98.2 
103.8 
98.1 
101.4 
102.0 
YS .U 
102. 
101. 
101. 
104 
103. 
108. 
103. 
101.6 
104.3 
103.5 


oe 
or 


to 


100.0 


NNNN NR RE RE RE RE NN NNN eK ee ee kOe 
or t= Oo or 


NAME WONAMTHEWNAAERWNIMAR WAR Om WAS 


102.9 








* The standard histidine was run at fifteen levels, the amino acid test mixtures 
were run at five levels, and six tubes were employed at each level of standard and 
sample. Test Mixture 3 contained 0.0446 per cent histidine. 

+t Omitted in calculating the average value. 





probable that they may be somewhat high, since recoveries of histidine 
added to silk fibroin hydrolysate were variable and, on the average, about 
7 per cent higher than the theoretical amount. It has been emphasized, 
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previously, that it is difficult to determine accurately amino acids which 
are present in low proportions in silk fibroin because of the high percentage 





of glycine, alanine, serine, and tyrosine in this protein. 


TaBLe IX 


Results of Assays of Histidine in Silk Fibroin Hydrolysate* 






































1 day incubation time | 2 days incubation time 

a . 4 Ti ti iT | | Ti . l 

Silk fibroin (cor- | of 0.0310 NaOH per | Histidine found | of 0.0310 x NaOH per | Histidine found 
and ash) per tube tube | tube 

Ranget | Aver [Per tube| Sie | Ranget | Aver |Pertube| gpk, 

wee 
y mil. | mi, | Y | per cent | mil. mil. Y per cent 
753 1.71-1.90 | 1.79 | 2.78 | 0.37 | 2.19-2.22 | 2.21| 2.50] 0.33 
1505 2.11-2.31 | 2.22| 5.08 | 0.34 | 2.84-3.10 | 3.03 | 4.80 | 0.33 
2258 2.60-2.71 | 2.66) 7.30 | 0.33 | 3.84-4.24 | 3.95 | 7.50) 0.33 
3010 3.11-3.28 | 3.19 10.11 | 0.34 | 4.70-5.33 | 4.86 | 10.10 | 0.33 
3763 3.59-3.79 3.68 | 12.92 0.34 | 5.51-6.59 | 6.29 | 14.50 | 0.39 

_ : | 

eh duceedes V4Wecaeass keke e eae | 0.34 | | 0.34 





amino acids 1.5 times the stated concentrations were employed. The average mean 
deviations from the mean at the different levels were 3.4 per cent (1 day’s incubation) 
and 5.4 per cent (2 daysincubation). With total amino acids 2.5 times the concentra- 
tions stated in Medium C, Table I (1), the corrected values 0.34 and 0.34 per cent 
(1 day’s incubation) and 0.33 and 0.35 per cent (2 days incubation) were found. 
In recovery experiments with total amino acids in the basal medium X 1.5, the 
recoveries of histidine were 111 and 109 per cent (1 day’s incubation) and 110 and 
106 (2 days incubation). In comparable experiments with total amino acids X 2.5, 
the recoveries of histidine were 109 and 83 (1 day’s incubation) and 108 and 121 
(2 days incubation). 
t Five or six replicate tubes at each level of sample. 


SUMMARY 


A satisfactory procedure for the determination of histidine in protein 
hydrolysates with Lactobacillus fermenti 36 has been described. The pre- 
ferred assay conditions were considered to be a 2 day incubation time, in- 
ocula dilutions of 1:5, and total amino acids in the basal medium 1.5 
times the concentrations stipulated in Medium C, Table I (1). 

It has been found by assay of two samples of casein with Lactobacillus 
Jermenti 36 and Leuconostoc mesenteroides P-60 under varied experimental 
conditions that casein contains 3.0 + 0.1 per cent of histidine corrected 
for moisture and ash. It seems probable, therefore, that 3.0 + 0.1 per 
cent is the true value for the percentage of histidine in casein. The figure 
3.1 per cent was reported in an earlier paper (2). It is recognized, however, 
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that the extent to which histidine is destroyed or altered during the hy- 
drolysis of casein must be measured before the true value of histidine in 
this protein can be determined with certainty. It is considered probable, 
also, that samples of casein derived from different natural sources and 
prepared by different methods may not contain identical proportions of 
amino acids. 

Silk fibroin was found to contain 0.33 to 0.35 per cent of histidine cor- 
rected for moisture and ash by assay with Lactobacillus fermenti 36 under 
varied experimental conditions. Although the corrected value, 0.34 
per cent, was found previously (2) by assay with Leuconostoc mesenteroides 
P-60, it appears probable from experiments on the recovery of histidine 
from silk fibroin hydrolysates that these values may be higher than the 


true figure. 
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THE DETERMINATION OF CREATINE AND CREATININE 
By G. FREDERICK LAMBERT 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, September 13, 1945) 


In conjunction with the amino acid studies upon human subjects carried 
out in this laboratory, the urinary creatine and creatinine excretions were 
measured. These determinations were performed by the method of Folin 
(1), which was found to be quite satisfactory. Consequently, we were 
somewhat surprised by the report of Albanese and Wangerin (2) that con- 
siderable quantities of urinary creatine are not detectable by the Folin 
method. ‘They state that part of the creatinine is destroyed by the condi- 
tions used to convert creatine to creatinine and describe a modification of 
the method to correct for this destruction. 

In view of the results of Albanese and Wangerin a more careful study 
of the Folin procedure was undertaken. The experiments reported here 
do not confirm the claim that in the Folin determination of creatine con- 
siderable destruction of creatinine occurs. Certain serious defects of the 
Albanese modification are also described. 


EXPERIMENTAL 


Creatinine Determination—The method of Folin (1) was adapted to the 
Evelyn photoelectric colorimeter with the 520 my filter. The picric acid 
was purified through sodium picrate as described by Benedict (3), and was 
tested for purity by the Folin and Doisy method (4). The saturated solu- 
tion of picric acid recommended by Folin was replaced by a 1.175 per cent 
solution, as was suggested by Peters (5). 

Creatinine was purified by conversion to the zine chloride salt and sub- 
sequent regeneration by treatment with ammonia (6). 


C,H;N;O0. Calculated, C 42.48, H 6.19; found, C 42.51, H 6.16 


A standard solution was prepared by dissolving 1 gm. of creatinine in 1 liter 
of 0.1 N HCl. In certain experiments in which the HCl was replaced by 
water a fresh standard solution was prepared each day to eliminate the 
possibility of decomposition. 

A modification of time factors in the determination was made as a result 
of a preliminary study. In the Folin procedure the mixture is diluted to 
100 ml. 10 minutes after the addition of the sodium hydroxide and picric 
acid solutions and then read immediately. In the concentrations adapt- 
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able to the Evelyn photoelectric colorimeter the color is completely devel. 
oped at the end of 3 minutes. To allow a factor of safety we dilute the 
mixture to volume 6 minutes after the addition of the sodium hydroxide and 
picric acid solutions. The color of the diluted solution fades slightly for 
approximately 16 minutes and then remains stable for several hours. This 
fading occurs irrespective of the length of time that the color is allowed to 
develop before dilution. It has been found convenient to determine the 
color intensity 20 minutes after the dilution to volume. 


TaBLe I 
Decomposition of Creatinine by Autoclaving with Picric Acid at 121° 
The indicated quantity of creatinine dissolved in 1 ml. of either water or 0.1 N 
HC! was autoclaved with 20 ml. of picric acid solution. 











- low sa +s | Creatinine 
ae “a Selvent for creatinine | a, fl Gee | Ongar | rene | _secompod 
am | 
min. mg. mg. per cent 
20 Water 6 | 0.200 0.196-0.199 0.8 
20 0.1 ~ HC] : nl 0.200 0.197-0.200 0.7 
20 0.1% « 6 0.500 0.495-0 . 502 0.4 
40 Water 6 ' 0.200 0.198-0.199 0.7 
40 O.1NHC] | 6 | 0.100 0.095-0.101 1.0 
40 ei* * 6 0.200 0.196-0.199 | 1.2 
40 O1% « 11 0.500 0.493-0.502 1.0 
60 Water 5 0.200 0.190-0.196 3.6 
60 0.1 ~ HCl 6 | 0.200 | 0.190-0.193 4.1 
80 Water 6 / 0.200 0.192-0.196 3.0 





Creatine Determination—Creatine was purified by recrystallizing from 
water and drying at 120° for 24 hours. 


C,H,N 3:02. Calculated, Cc 36.64, H 6.87; found, Cc 36.89, H 6.92 


A standard solution was prepared by dissolving 1 gm. of creatine in | liter 
of water. This was freshly prepared each day to avoid decomposition. 

Decomposition of Creatinine—A study was first made of the stability of 
creatinine under the experimental conditions used for the conversion of 
creatine to creatinine. To a measured quantity of creatinine were added 
20 ml. of picric acid solution and the mixture was then treated by either the 
autoclave or boiling method of Folin (1). Approximately 2 hours on 4 
hot-plate were required in the boiling method to attain the original volume. 
Varying periods of time were used in the autoclave procedure as shown in 
Tables Ito IV. The amount of creatinine decomposition was then deter- 
mined by colorimetric measurement. 
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In twelve repetitions of the experiment in which the boiling method was 
employed, 96 to 99 per cent of the creatinine was recovered unchanged, 
with an average recovery of 98 per cent. In Table I is shown the creatinine 
decomposition that occurred under the conditions used for the determina- 
tion of creatine by the autoclave procedure. The experiments in which 
water served as solvent in the standard creatinine solutions are more 
comparable to a urinary creatine determination than are those in which 0.1 N 
HCI was the solvent. The latter were included for a comparison between 
our results and those of Albanese. In all of the present experiments the 
creatinine decomposition was slight and never more than one-half of the 9 
per cent value reported by Albanese and Wangerin. It would appear from 
these results that the small destruction of creatinine in the Folin creatine 
determination is not a serious error in the method. 


TaBLeE II 
Decomposition of Creatinine by Autoclaving at 121° without Picric Acid 
0.2 mg. of creatinine dissolved in 1 ml. of either water or 0.1 N HC] was autoclaved. 











. alll _ | Creatinine 
Autoclaving time | Solvent for creatinine | N°- con | omnes anes | —— 
min. mg. per cent 
20 0.1 HCl 6 0.192-0.199 2.8 
20 Water 6 0.163-0.170 | 16.6 
40 0.1 ~ HCl 11 0.187-0.192 | 5.5 
40 Water 6 0.152-0.158 22.2 
60 0.1 n HCl 6 | 0.184-0.192 | 6.1 
80 Ol « 5 | 0.182-0.187 | 7.6 





In the Albanese modification to correct for the creatinine decomposition, 
the creatine is determined as the difference between the total creatinine 
following autoclaving with picric acid and the preformed creatinine fol- 
lowing autoclaving without picric acid. This method is applicable only 
if the quantity of creatinine destroyed by autoclaving is the same irrespec- 
tive of the presence or absence of picric acid A comparison between 
Table I and Table II indicates that this is not the case. 

When an aqueous solution of creatinine was autoclaved without picric 
acid, considerable quantities disappeared. The presence of 0.1 N HCl 
aided in suppressing this decomposition but picric acid was even more 
effective in this respect. The HCI solutions used in the tests summarized 
in Table II showed pH values of 1.0. Albanese and Wangerin (2) added 
HCl to urine samples with a resultant pH of 4 to 5 before diluting to a 
standard volume. Since the extent of creatinine destruction by auto- 
claving without picric acid is dependent upon the pH, it is probable that a 
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greater destruction will be obtained when urine samples of pH 4 to 5 are 
so autoclaved than when 0.1 Nn HCl solutions are autoclaved. In any 
event, considerable destruction of creatinine occurs irrespective of the pH 
when autoclaving is carried out in the absence of picric acid. Thus the 
creatinine destruction in the determination of preformed creatinine and 
the very slight destruction in the determination of total creatinine result 
in creatine values which are too high. Incidentally, if urine is preserved by 


Taste III 
Conversion of Creatine to Creatinine 
1 ml. of an aqueous solution containing 0.2 mg. of creatine was treated with 20 ml, 


of picric acid solution. The theoretical amount of creatinine to be recovered is 
0.173 mg. 











Method , oe — mah) es pre 
min. me per cent 
Boiling 17 0.167-0.176 98.4 
Autoclave 20 20 0.113-0.134 70.8 
= cab 12 40 0.155-0.159 91.3 
ee 12 60 0.164-0. 167 95.1 
ood slae alas 17 80 0.167-0.171 98.0 
ee aka wokari 6 100 0.167-0.170 97.6 





TaBie IV 


Determination of Creatine in Mixture of Creatine and Creatinine 








Ne. 6 rheoretical 








— . , eos Conver- 
: Creatinine Creatine creatinine Actual creatinine : 
Method determina- 4 rareesea ct , sion 
tiene present present a... _ recovered, range average 
meg. me. meg. me per cent 
Boiling 7 0.200 0.200 0.373 0.365-0 .370 97.5 
= , 10 0.100 0.100 0.186 0.180-0.189 97.7 
80 min., autoclave.. | 5 0.100 0.100 0.186 0.184-0.185 | 98.4 





toluene in the usual manner without the addition of HCl, the Albanese and 
Wangerin modification gives extremely high creatine values. It must be 
concluded that the Folin method is much more accurate than the Albanese 
modification. 

Conversion of Creatine to Creatinine—The efficiency of the conversion of 
creatine to creatinine was studied by subjecting standard aqueous creatine 
solutions to either the Folin boiling or autoclave method (1). The data 
are presented in Table III. 

The boiling procedure gave an average conversion of 98.4 per cent, which 
is considerably better than the 86 per cent reported by Albanese and Wan- 
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gerin (2). In the case of the autoclave method the extent of conversion 
increased with increasing autoclaving time until a maximum of 98 per cent 
was attained at 80 minutes. This compares with the 93 per cent value 
obtained by Albanese at the end of 60 minutes. 

The creatine conversion was also studied by adding a standard solution 
of creatine to a standard solution of creatinine and treating the resultant 
mixture by the boiling or 80 minute autoclaving procedure. The results 
are shown in Table IV. Again either method produced a 97 to 98 per cent 
conversion. It would appear that both procedures give excellent results 
in the determination of creatine. 


SUMMARY 


1. A study was made of the Folin method for the determination of crea- 
tine. The report that considerable quantities of creatinine are destroyed 
by the conditions used for the conversion of creatine to creatinine was not 
confirmed. 

2. Creatinine is destroyed only slightly when autoclaved with picric acid 
but to a considerable extent when autoclaved without picric acid. There- 
fore, the Albanese and Wangerin modification yields creatine values that 
are too high. 

3. Either the boiling or autoclave method of Folin produces a 97 to 98 
per cent conversion of creatine to creatinine. For the autoclave procedure 
the optimum conversion occurs in 80 minutes at 121°. 

4. A slight modification of time factors is described for adapting the 
creatine and creatinine determinations to the Evelyn photoelectric color- 


imeter. 
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THE DETERMINATION OF CATECHOL, PHENOL, AND 
HYDROQUINONE IN URINE 


By HARRY D. BAERNSTEIN 


(From the Industrial Hygiene Research Laboratory, National Institute of Health, 
Bethesda, Maryland) 


(Received for publication, September 22, 1945) 


There have been many methods devised for the determination of urinary 
phenols based on colorimetric, gravimetric, and titrimetric procedures, but 
few of them include quantitative determinations of hydroquinone and 
catechol. These two phenols are produced in considerable amounts in 
animals exposed to benzene (1) and since we wished to study this problem 
further a convenient method of analysis had to be devised. 

The present paper describes a relatively simple method for the determina- 
tion of catechol, phenol, and hydroquinone in urine. All titrations are 
made with a single solution and only one primary standard, potassium 
bromate, is required. 

Reagents— 

2 m pyridine-acetate buffer. 160 ml. of pyridine and 10 ml. of glacial 
acetic acid diluted to 1 liter; pH 6.5. 

Lead acetate solution, 37.9 gm. of Pb(CH;COO).-3H,O per liter. Add 
1 ml. of glacial acetic acid. 

Potassium iodate solution, saturated. 

Sodium hydroxide solution, 30 per cent. 

0.2 N bromate-bromide solution. 5.568 gm. of KBrO; and 20 gm. of 
KBr per liter. 

0.2 n sodium sulfite solution. 12.6 gm. of anhydrous Na.SO, per liter 
protected from air by CO, and standardized frequently against the bromate 
solution. 

Ethyl alcohol, 95 per cent. 

Ether, washed with sodium hydroxide-potassium permanganate solu- 
tion until alcohol and aldehyde are absent, and then distilled. 

Sodium bicarbonate, 10 grain tablets and powder. 

Hydrolysis of Phenolic Esters—Hydrolysis of the esters is carried out in 
the extraction tube in the inverted position, A, Fig. 1. 

Measure 25 ml. of centrifuged urine! into an extraction tube and add 8 
drops of concentrated sulfuric acid. Insert a rubber stopper and tip the 
tube in a horizontal position with the side arm up until the CO, has 


‘With acid urines containing no precipitated carbonates no centrifuging is 
required. 
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escaped. The pH is now about 1.0, which is adequate for hydrolysis of 
the esters in 2 hours at 100°. 

The adapter is connected to the side arm and to the condenser with the 
extraction tube immersed in boiling water. 
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Fic. 1. Apparatus for the hydrolysis and extraction of urine and concentration 
of the extract. The letters represent the respective positions. 


Extraction of Phenols at pH 7.0—After hydrolysis of the esters at pH 1.0, 
the extraction tube is removed from the bath and the urine is saturated 
with sodium sulfite. This neutralizes sulfuric and phenolic acids and 
brings the pH up to7. The mono- and diphenols may, however, be quan- 
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titatively extracted and the extract does not need further washing. Sulfite 
has the advantage over bicarbonate in furnishing SO, for reduction of any 
quinones which may have formed. 

The urine is cooled and the apparatus is assembled for extraction as in B, 
Fig. 1. The glass wool plug on the funnel tube aids in the separation of 
ether from the urine. A few small pieces of pumice (40 mesh) are added to 
the ether boiler to prevent bumping. The water bath is kept at 55° and 
extraction is continued for 4 hours. 

The rate of extraction may be considerably increased by wrapping a strip 
of lead (not shown) in a spiral around the lower third of the funnel tube. 
This facilitates saturation of each drop of ether which passes through the 
urine. By this means extraction is complete in about 3 hours, provided 
the rate of ether vaporization is maximal. This can be assured by keeping 
the boiling tubes filled about two-thirds full of ether. It has been shown 
that the rate of ether vaporization in the long narrow tubes with pumice 
present is dependent on the height of the ether column. This follows from 
the fact that the whole column is full of bubbles and therefore the effective 
surface for evaporation of ether is greatly in excess of the cross-sectional 
area of the tube. 

Concentration of Extract and Collection of Ether—When extraction is 
completed, the extract is concentrated to dryness by inserting the collection 
flask as shown in position C, Fig. 1, first with the funnel tube in place and 
second with the funnel tube removed. Water is added to the urine to 
displace nearly all the ether from the extraction tube into the ether boiler. 
Concentration of the extract is then completed. 

The ether may be used over again without further treatment. 


Analysis of Extract 


Separation of Catechol—After extraction and concentration of the extract, 
catechol is separated as the lead salt at pH 6.5. 

A battery of small sintered glass funnels, of medium porosity,? mounted 
for suction filtration is used for the separations to follow. 

About 2.0 ml. of 0.1 m lead acetate solution are placed in one of the fun- 
nels. 3 ml. of 2 m pyridine-acetate buffer, pH 6.5, are added to the con- 
centrated extract in the ether boiler and this is rinsed into the funnel with 
& few ml. of water. The mixture is stirred and catechol is immediately 
and quantitatively precipitated as a lead salt. After a minute it settles 
out, and is filtered with suction. The filtrate containing phenol and 
hydroquinone is received in a 100 ml. wide mouth, screw cap bottle. The 


* Pyrex, catalogue No. 33730. 
* A. H. Thomas 4 ounce bottle, No. 6284; plastic caps, No. 2849. Remove the cork 
liner and pour in a layer of paraffin to protect the cap from bromine fumes. 
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precipitate is washed free of soluble lead salt with a minimum of water 
(about 12 ml.) which is added to the filtrate and treated as described inp 
the following section. 

The precipitate of lead catecholate is dissolved with 2 ml. of glacial acetic 
acid and washed into a 150 ml. beaker with water. An excess of saturated 
potassium iodate solution is added and the mixture heated on a hot-plate 
until lead iodate settles out. (Catechol is oxidized by iodate to a soluble 
red substance the color of which gives a useful index of the amount of 
catechol present.) 

Lead iodate is filtered cold and washed, the filtrate discarded, and the 
original beaker in which precipitation occurred is returned as the receiver, 
Lead iodate is dissolved with 2 ml. of 30 per cent sodium hydroxide and 
washed into the beaker.‘ 1.0 ml. of concentrated sulfuric acid and 0.5 gm. 
of potassium iodide are added, and the liberated iodine titrated with 0.2 
N sodium sulfite solution, a platinum-platinum polarized electrode being 
used as indicator. 

While it is true that thiosulfate and starch indicator may be used in this 
titration, sulfite must be used in the phenol determination and the electrode 
must be used in the hydroquinone determination. All three titrations may 
be made with sulfite and the electrode indicator. 

Sulfite must be protected from oxidation by the air, preferably by storing 
it under an inert gas such as carbon dioxide. When properly protected 
the solution is stable indefinitely. We have found the following arrange- 
ment perfectly satisfactory: A 5.0 ml. micro burette graduated in hun- 
dredths of a ml. is fitted with a 3-way stop-cock and is filled by siphon from 
a 4 liter stock bottle. The latter is connected to a Kipp generator for CO, 
and the top of the burette is connected to the CO, space by means of a 
glass tube. Short rubber connections must be used throughout. 

Calculation— . 

(S — B) X N X 110.1 


12 





Mg. catechol = 


S = ml. of sulfite used for the sample, B = ml). of sulfite used for the 
blank, NV = the normality of the sulfite. 

The blank for benzene-exposed animals is a sample of urine taken before 
exposure and treated exactly as the sample after exposure is treated. 

For other purposes 25 ml. of water may be substituted for urine. These 
blanks are usually very small and for some purposes entirely negligible. 

Determination of Phenol—The filtrate from lead catecholate is acidified 
with 1.0 ml. of concentrated sulfuric acid and 5.0 ml. of 0.2 n bromate 
bromide mixture are added. This is sufficient to brominate about 8.0 mg. 


‘ Before the funnels are used again they must be washed with acid and water. 
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of phenol under these conditions. A small vial containing about 1.0 gm. 
of potassium iodide is placed in the bottle and the cap is screwed on.° 

After about 30 minutes, when bromination is complete, the vial is tipped 
over and the excess bromine liberates an equivalent quantity of iodine from 
the iodide. The bottle is opened and the vial removed and washed care- 
fully with alcohol, the washings being added to the mixture in the bottle. 
Alcohol is used in order to bring any precipitated iodine into solution and 
to prevent the precipitation of oxidized hydroquinone in the next step of 
the analysis. 

The iodine is titrated with 0.2 Nn sulfite solution, the electrode being 
used as indicator. 

Calculation— 
(B — 8) XN X 94.11 

6 


B, S, and N have the same significance as the corresponding symbols in 
the catechol determination. 

It will be observed that this procedure is an adaptation of the Koppes- 
chaar method (2) for phenol. The change from thiosulfate to sulfite was 
necessary because hydroquinone is to be determined in the same mixture. 

It was shown that tetrathionate resulting from the oxidation of thiosul- 
fate was further oxidized by iodine after the acid was neutralized by bicar- 
bonate. Sulfite, on the other hand, is oxidized to sulfate, which is stable in 
bicarbonate buffer. 

Determination of Hydroquinone—In our early experiments we used 
acetate buffer to control pH in the catechol precipitation. The buffer 





Mg. phenol = 
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1,1’,1”-(2,5-Dihydro-3-hydroxy -2,5-dioxo-p-phenylene) - 
tripyridinium betaine diiodide 





5 A convenient indication that an excess of bromine is present is the color of the 
potassium iodide in the vial. If it is brown on top, sufficient bromate was added. 
If after about 10 minutes the potassium iodide is not brown, the bottle may be 
opened and another 5.0 ml. of bromate solution added. When only 0.5 ml. of sulfuric 
acid was used, the bromine uptake was too high and the subsequent hydroquinone 
recovery was low. 
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appeared with phenol and hydroquinone in the filtrate. Under thege 
conditions hydroquinone consumed 2 equivalents of iodine per mole and 
quinone was formed. 

When pyridine was substituted for acetate, hydroquinone consumed 10 
equivalents of iodine per mole and a new compound was formed having the 
probable structure (3) shown in the accompanying diagram. 

The procedure is as follows: The mixture from the phenol determination 
still contains unchanged hydroquinone. Add 5.0 ml. of potassium bro- 
mate-bromide solution which liberates an excess of iodine, since KI is algo 
present at this point. The bottle is covered with a watch-glass and the 
sulfuric acid is neutralized by adding three sodium bicarbonate tablets, one 
at atime. It was found impractical to use the powder at first because of 
the spraying resulting from the rapid release of carbon dioxide. After the 
tablets have dissolved, an excess of powdered sodium bicarbonate is added. 


Tase I 
Recovery of Phenols 

















Found without extraction Found with extraction from urine 
Amount of each 
in mixture |-~ a aS [or ~ ee Se ei —— 
Catechol | Phenol Hydroquinone; Catechol Phenol Hydroquinone 
meg. meg. me. mg. me. me. meg. 
2:2 2.15 2.19 2.22 2.24 2.23 2.22 
4.4 4.44 4.36 4.47 4.36 4.17 4.32 
| 
6.6 6.62 6.30 6.54 6.14 6.26 6.71 
8.8 8.96 8.48 8.72 8.79 8.87 8.69 





The watch-glass is rinsed with alcohol and the mixture allowed to stand for 
1 hour, after which it is titrated with sulfite. 

During the oxidation of hydroquinone a red precipitate sometimes ap- 
pears. This must be brought back into solution by the addition of a few 
ml. of aleohol. If it is allowed to remain separated, the oxidation will be 
incomplete and the end-point in the titration of excess iodine will be uncer- 
tain, since the precipitate carries down free iodine. 

Calculation— 


, (B —S) XN X 110.1 
Mg. hydroquinone = - . 10 


B, S, and N have same significance as above. 

A few typical analyses are given in Table I. The first recoveries were 
made by analysis of a mixture of standard solutions of the three phenols 
wits.out éxtraction; the second recoveries were made by adding the three 
standard solutions to 25 ml. of normal human urine and analyzing the mix- 
ture as described. A urine blank was also analyzed and the values found 
were subtracted from the totals to give those in Table I. 
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Fig. 2 is a typical set of curves showing the excretion of phenol, hydro- 
quinone, and catechol by a rabbit during a series of injections of benzene 
in olive oil. 

It will be observed that all curves are roughly parallel, which suggests 
a dependence of the secondary products of oxidation (hydroquinone and 
catechol) on the concentration of the primary product (phenol). 

The peak occurred at the 9th day and, in spite of continued injections, the 
amount of urinary phenols declined sharply and the rabbit died on the 17th 
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Fic. 2. Excretion of phenol (Curve P), hydroquinone (Curve H), and catechol 
(Curve C) by a rabbit during the daily subcutaneous injection of 2 ml. of benzene in 
2 ml. of olive oil. 


The count of white blood cells declined from 11,000 on the 2nd day to less 
than 1000 on the 17th. 
Further studies are in progress. 


DISCUSSION 


The specificity of these reactions is obviously not absolute. It is es- 
pecially important that no trace of urine be allowed to pass into the ether 
boiler and with certain urines this has been a difficult problem. Con- 
tamination with urine is easily discovered during the precipitation of cate- 
chol, for a heavy rather insoluble precipitate of lead sulfate, phosphate, 
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and phenolic acids is produced. These determinations must be discarded, 
“Phenol” determinations on such urines are also high. Acetone and other 
ketones will react like hydroquinone. 

Our “phenol’’ fraction contains p-cresol and other substances such ag 
alcohols, which can reduce bromine. 

In spite of these interferences our results indicate that for urine of rabbits 
exposed to benzene, at least, the interpretations are usually uncomplicated 
and suitable controls can be devised. 


SUMMARY 


1. A system of analysis of urine for catechol, phenol, and hydroquinone 
has been described. 

2. The extraction of phenols from urine has been improved by the use 
of sodium sulfite buffer which keeps diphenols reduced and holds back 
ether-soluble acids. 

3. The precipitation of lead catecholate from the ether extract is con- 
trolled at pH 6.5 by the use of pyridine-acetate buffer and the separation 
of the lead as iodate instead of the usual chromate yields more iodine per 
atom of lead. 

4. It has been shown that phenol may be brominated in the presence of 
hydroquinone, provided sufficient acid is present. 

5. A new oxidation of hydroquinone is utilized in which 10 atoms of 
iodine are reduced per mole, resulting in the formation of a tripyridinium 
quinone betaine. 

6. The methods are simple and fairly specific when the separations are 
successful. They have been applied to the analysis of rabbit urine during 
exposure to benzene and a typical set of curves is given. 
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CONSTITUENTS OF THE BLOOD OF THE HIBERNATING AND 
NORMAL RATTLESNAKE, CROTALUS HORRIDUS 


By EMMETT B. CARMICHAEL anp PAUL W. PETCHER 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Alabama, University) 


(Received for publication, September 24, 1945) 


Studies of the blood chemistry of hibernating animals have not been 
numerous but they have been made on both carnivorous and herbivorous 
animals. 

Vierordt (1) in 1854 found that in the European marmot the red blood 
corpuscles dropped from 5,800,000 per c.mm. at the beginning of a winter 
sleep to 2,300,000 at the end of hibernation. Valetin (2) and Quincke (3) 
in 1881 confirmed Vierordt’s findings. Quincke (3) found 64 per cent of 
the normal amount of hemoglobin in the hibernating marmot. Dubois 
(4) in 1896 confirmed the studies of the above authors and attributed the 
decrease in the red cells to an actual destruction of these cells. 

In 1916, Rasmussen (5) found that there was about a 20 per cent decrease 
in red cells and hemoglobin after the hibernating American woodchuck 
had eaten and had drunk. 

Luck and Keeler (6) reported on the blood chemistry of two species of 
rattlesnakes, Crotalus atrox and Crotalus oregonus. None of their animals 
would eat and so they resorted to forced feeding of the former species; and 
since the latter were small and abundant locally, they bled each animal 
only once and then within 3 days to 4 weeks of capture. A period of at 
least 5 days was allowed to elapse after feeding before sampling, and no 
animal was bled more than once a week. 

We studied the blood chemistry of the same snake (Crotalus horridus, 
timber rattler) during a winter fast and then again after several weeks of 
feeding. The animal was caught near Tuscaloosa, Alabama; its diet has 
consisted of small rodents, birds, and water. It usually eats periodically 
from early spring up to and including August. However, in 1942, it did 
not eat after July. In 1944, the animal took food the last time on August 
28. It became sluggish (hibernating) early in the fall, although it was 
kept in the laboratory which had a temperature of about 24° during the 
daytime and was occasionally as low as 4.4° during some nights. The 
animal became active in March, 1945, and shed its skin on March 30, 1945. 
The snake was 44 inches long and weighed about 1700 gm. 


EXPERIMENTAL 

We took a 27.7 cc. sample of heart blood on April 7. The following 

determinations were made on this blood, which was from the hibernating 
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animal: non-protein N (7), urea N (8), amino acid N (9), uric acid (10), 
creatine (8), creatinine (8), chlorides (11), inorganic phosphorus (12), 
lipoid phosphorus (13), cholesterol (14), reducing sugar (15), calcium 
(16), magnesium (16), hemoglobin, the number of red blood corpuseles, 
and the volume of the corpuscles. 


TaB_e | 
C Composition of Rattle snake Blood 


—__.., 











Crotalus ore- Crotalus horridus 
| Crotalus atrox Luck and Keeler) gonus (Luck and nid 
Keeler) Hibernating Normal (active) 
meg. per cent mg. per cent meg. per cent | me pe ala 
Non-protein N | “ee 20.5, 18.8, 25.3 33.71" 35.99" 
Urea N 0, 0-1.7, 0.5-1 5,0-0.7)| 0 5.47* 11.36* 
Amino acid N burt 17.9, 15.9, 15.8 | 21.3, 25.9 22.86* 22 .18* 
Urie acid ..p 14 1.2, 1.2, 2.3, 2.6 | 1.5 1 .32° 2.99" 
Creatine | 4. 7 4.8 | 5.3 2.81* 2.88" 
Creatinine 1. , 1.3 | 1.2 1.13* 1.37" 
Chlorides (NaCl)} 780, 783, 791 624* | 650* 
Inorganic P ls. ; 10.0, 10.7 1.06 10.61f 
7.13 
Lipoid P ...1. 19; 14, 11, 17 | 21.46t 18.25 
Cholesterol 99, 101 | 172 145.76f 149.38} 
| | | 241.3 
Reducing sugar. 50, 67, 68, 54 48, 48 60. 20* 62.62* 
Calcium 8.17 24. 80t 
Magnesium 1.95t 2.4 
Red cells 1,520,000t 1, 140, 000¢ 
Cell volume... 44.97t 34.17} 
Hemoglobin 
57t 66.2t 


Sabli) 57t 











* Folin and Wu protein-free filtrate. 
+ Serum. 
t Whole blood. 


The snake took the first food on April 13 and by June 18 it had ingested 
1464 gm. of food. On July 1 (12 weeks after the first sample and 12 days 
after the last food was ingested) we took 34.2 cc. of heart blood and the 
above determinations were repeated. 


Results 


The results are presented in the last two columns of Table I. The cor 
responding values obtained by Luck and Keeler (6) for the first eleven blood 
constituents are included for comparison. 

There was about a 125 per cent increase in uric acid content of the normal 
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specimen over the hibernating specimen. The inorganic phosphorus of 
serum was about 75 per cent higher in the normal specimen. The lipoid 
phosphorus was slightly lower in the normal specimen than it was in the 
blood of the hibernating animal. The serum cholesterol increased about 
65 per cent after the animal took food. However, the cholesterol content 
of the whole blood of the fed animal was of the same order as that of the 
serum when the animal was hibernating. ‘There was about a 200 per cent 
increase in calcium and a 23 per cent increase in magnesium. 

There is a 25 per cent decrease in the number of red blood cells and a 24 
per cent decrease in the volume of cells in the blood following a 12 week 
feeding period. In spite of the lowered red cell count in the normal spe¢i- 
men, the hemoglobin content rose slightly. 


DISCUSSION 


There seems to be a variation in the blood chemistry of the species of 
rattlesnakes reported by Luck and Keeler (6) and that of Crotalus horridus. 
However, it is difficult to make a comparative analysis of the results re- 
ported by the above authors and our findings, since they used many ani- 
mals and apparently did not make a complete analysis on a single specimen 
of blood from either species. Their results only show possible ranges 
in values for different blood constituents for animals under their special 
handling conditions. It is interesting to note that some of our results 
are of the same order as those obtained by Luck ‘and Keeler (6) in their 
random sampling, while others vary markedly. 

The length of the fasts in Luck and Keeler’s (6) animals ‘was, not 
controlled. 

The urea values by the Folin and Wu method (8): are tie than those 
reported by Luck and Keeler (6) on other species of rattlesnakes. How- 
ever, the Folin and Wu method (8) is reported to give high values in the 
ease of birds (17). 

The high uric acid value of our normal specimen may be explained by 
the fact that this substance accounts for the major part of nitrogenous 
waste in snakes and that the snake’s metabolism was at a higher level 
following the ingestion of food. 

The creatine value for the blood of Crotalus horridus was somewhat 
lower than that of either Crotalus atrox (6) or Crotalus oregonus (6), although 
the creatinine of all three species was of the same order. 

The chlorides showed a small increase in the normal specimen, and in 
both specimens the values were lower than that for Crotalus atrox (6). 

The high calcium value in the feeding animal is probably due to the fact 
that it ingested almost its own weight of whole animals during 9.5 weeks. 

The decrease in the number of red blood cells was probably influenced 
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by the large sample of blood taken. The hemoglobin content was slightly 
increased in the well fed animal, and since there was a decrease in the 
number of corpuscles, each cell carried more hemoglobin than it did in the 
hibernating animal. 


SUMMARY 


1. Blood analyses were made on both hibernating and normal samples of 
blood from the same rattlesnake, Crotalus horridus. 

2. There was a marked increase in the following constituents in the nor. 
mal specimen when compared with the hibernating blood: urea nitrogen, 
uric acid, inorganic phosphorus, cholesterol, calcium, and magnesium. 
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THE EFFECT OF PHOSPHATE ON THE SOLUBILITY OF 
CALCIUM CARBONATE AND OF BICARBONATE ON 
THE SOLUBILITY OF CALCIUM AND MAGNESIUM 

PHOSPHATES 


By ISIDOR GREENWALD 


(From the Department of Chemistry, New York University College of Medicine 
New York) 


(Received for publication, August 30, 1945) 


In 1925, Holt, La Mer, and Chown (1) reported that the apparent solu- 
bility product [Ca*+*}*[PO,= was greater in a solution of inorganic salts 
approximating the composition of serum than it was in solutions of sodium 
chloride of the same ionic strength. Very shortly thereafter, Sendroy and 
Hastings (2) recalculated values for pK’,, Cas(PO,)2 from the data of Holt, 
La Mer, and Chown and also reported extensive data of their own. Ac- 
cording to Sendroy and Hastings, the solubility of calcium phosphate was 
the same in “‘serum salt’’ solutions as in sodium chloride solutions and was 
between those values calculated from the data of Holt, La Mer, and Chown 
for the solubility in sodium chloride and in “‘serum salt” solutions. Sen- 
droy and Hastings suggested (p. 821) that the latter difference might be 
due to the ‘‘use of what may be uncertain values for the first or the third 
stoichiometric dissociation constant of phosphoric acid at such low paH*,” 
but they seem to have made no attempt to calculate whether or not any 
conceivable error in these dissociation constants could have accounted for 
the observed 100-fold change in the apparent solubility product. We have 
made such calculations and do not find that any conceivable error in any, 
or all, of the values for the dissociation constants of phosphoric acid could 
produce any significantly different effect upon the ratio of PO, to total 
phosphorus at pH 5.2 or 7.7, which represent the extreme values in the two 
sets of experiments by Holt, La Mer, and Chown. 

The “serum salt” solutions employed by Holt, La Mer, and Chown con- 
tained, besides calcium hydroxide and phosphoric acid, sodium, potassium, 
and magnesium chlorides and sodium bicarbonate. We have since 
reported evidence for the existence, in solution, of undissociated calcium 
and magnesium carbonate, bicarbonate, and phosphate (3, 4). However, 
the amounts of such complexes that could have been present could account 
for only a small part of the observed greater solubility in “serum salt” 
compared with that in sodium chloride solutions. 

The composition of the ‘‘serum salt’’ solutions used by Sendroy and Hast- 
ings is not given. They do not seem to have contained magnesium. 
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Moreover, it is stated ((2) p. 799) that, in the “sodium chloride” series, the ft 
ionic strength up to 0.03 m was furnished by sodium bicarbonate and only 
above that by sodium chloride. This suggested that the greater solubility ¢ 
in “serum salt” solutions observed by Holt, La Mer, and Chown might  P 
have been due to the bicarbonate. If this were the case, no difference in | 
solubility was to be expected in the two series of experiments by Sendroy & 
and Hastings, since both contained bicarbonate. 

It was obviously desirable to repeat the work, with sodium chloride. 
and bicarbonate-containing solutions at approximately the same pH. 

















Tasre I 
Solubility of Calcium Phosphate in Sodium Chloride Solutions (u = 0.155) 
Experi . —Log [Ca**}(HPOr? | 
nogeinent is 4 zee P CaHPO, ah | 
‘ ’ E 
moles X 10* moles X 10 moles X 108 | 
834* 6.80 710 780 8 2.67 
836* 7.05 477 622 6 2.68 
837* 7.18 423 597 6 2.53 
838* 7.33 292 523 $ 2.75 
839" 8.02 106 432 1 2.68 a 
931t 6.95 730 345 5 2.90 
932+ 7.02 770 330 5 2.68 
933 6.80 784 430 5 3.05 
934t 6.7 1135 525 10 2.80 
935T 6.68 1300 670 11 2.38 ) 
i 
Average, calculated from values for [Ca**]*/HPO,-}?/[aH*}*..... 2.678 + 0.067 
* Equilibrated for 29 days. 
t Equilibrated for 60 days. 
EXPERIMENTAL 


The general conduct of the experiments and the methods of analysis 
were those reported in previous work (3-5). The bicarbonate content was 
determined by adding an excess of standard acid, boiling to expel C0,, | 
titrating the excess acid, and correcting for the phosphate present and,in' me 


the more alkaline solutions, for the amount of carbonate. Total carbon (Cs 
dioxide was then calculated. 7 
The mixtures were kept at room temperature, about 22°, for the periods , 
indicated in Tables I to IV, and were shaken several times almost every $3. 
day. : 
The following constants were used: for H2COs, pK,’ = 6.34 and pK’ = ps 


10.10; for HsPO,, pK.’ = 6.78; for —log[Ca*+*][HCO;-]/[CaHCO;*] = Th 
0.81; for —log[Cat*][CO;-]/[CaCO;] = 3.00; for —log [Cat+*][HPOF) | Na 
{(CaHPO,) = 1.50; and 0.77, 2.31, and 1.50 for the negative logarithmsd| ~ 
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the instability constants of the corresponding magnesium complexes. 
For the calculations from the data of Sendroy and Hastings and for those 
calculated by them from the data of Holt, La Mer, and Chown, we em- 
ployed the constants used by Sendroy and Hastings for HCO; and H3PQ,, 
the instability constants given above, and —log[Ca*++}[HPO,<-}?/[aH*} 
= 4.11 (5). 


TaBLe II 


Solubility of Calcium Phosphate and Calcium Carbonate in Solutions Containing Both 
HPO, and HCO; (u = 0.155); Equilibrated 20 to 30 days 














Total Calcium as 
= 
Experi- pH es =) 
ment . = z- 
Ca P co — =) =\- 
5 s = x - ~é 
5 9 5 : ae © 
LY O ~ = = ' 
moles moles | moles moles moles | moles | moles | moles 
x 106 x 10* | XK 104 xX 106 x 106 x 1i0e | XK 108 x 10 | 
A, | 6.90 | 1485 | 1790| 258 | 51 4 9 20 | 490 | 1.43 
A; 7.00 1250 | 1390 | 260 51. | 5 7 19 | 384 1.31 
As 7.15 1180 | 1360 | 255 40 5 6 28 | 292 1.37 
Ay 7.32 848 | 1190 | 251 | 31 7 5 28 267 1.25 
Ao 7.50 676 | 1090 251 24 7 4 33 | «1207 1.20 
B, 7.85 504. 1010 +248 11 9 2 54 150 1.33 
B. | 8.30 274 887 245 4 10 1 58 58 1.37 
B; 8.63 166 824 | 256 2 10 0 48 23 1.31 
B, 8.90 126 800 | 263 1 10 0 44 11 1.27 
B; | 9.01 120 326 | 273 1 10 0 44 9 1.27 
eee wuennee O6 Bois. c se. tue bes Shiv ine. dng eee «1.33 





Initial [Ca] = 0.001 m; [P}] = 0.00125 m; [CO,] = 0.025 m. Solid phase as in experi- 
ments of Table I. [Ca**] in Series A calculated from —log{[Ca**]*{HPO,"}?/[Ca- 
(CaPO,).][aH*}! = 2.678 (Table I). [Ca**] in Series B calculated from pK,,CaCO, 
= 8.007 (3). —Log [aH*] [Ca,-PO,-CO;]/[Ca.-H-PO,-CO;] = 8.3. 


The initial concentrations of Ca and P were 1.00 mm in Experiments 
834 to 839, 0 in Experiments 931 to 935 (Table I), and 1.25 mm in all the 
experiments of Table II. The solid phase, in the experiments of Tables I 
and II, was provided by the addition of 250 mg. per liter of Preparation 147. 
This was obtained by the slow addition (several days) of a liter of 0.02 m 
Na:HPO, to about 3 liters of a solution containing 0.18 mole of NaHCO; 
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and 0.033 mole of CaCl,. This material was one of several prepared by 
various methods in an attempt to obtain a solid phase which might repre. 
sent the actual solid phase in equilibrium with bicarbonate-phosphate soly. 
tions. The attempt was unsuccessful, and no further report will be made. 
The various preparations were crystalline, resembling CaHPO, in fom, 
but had varying compositions. The particular material used in all the 
experiments reported in this paper contained, per 0.250 gm., 2.06 mx of 
Ca, 1.19 mm of P, and 0.32 mm of CO,. It did not remain crystalline, byt 


became amorphous and, as may be calculated from the data in Tables] | 


and II, the final composition of the solid phase varied, the ratio of calcium 
to phosphorus increasing with the pH of the mixture. 

It will be noted that, in Experiments Ay, A;, and Ag, the final concen. 
trations of calcium and phosphorus were greater than the initial concen- 
trations. The apparent greater solubility cannot, therefore, be due to 


delayed precipitation. 
DISCUSSION 


It was quite apparent that the solubility of calcium phosphate was in- 
creased by the presence of bicarbonate and that the solubility of calcium 
carbonate was increased by the presence of phosphate. 

An attempt was made to interpret the results in terms of complex forma. 
tion. Inasmuch as it has already been shown (3, 4) that such solutions 
seem to contain CaHCO;* and CaHPQ,, it seemed possible that the latter 
should dissociate H* and that the remaining CaPO,- might combine with 


CaHCO;* to form a complex, Caz-H-PO,-CO;. It was postulated that | 


the mixtures were actually saturated with either Ca(CaPQO,). (or some sub- 


stance sufficiently like this to permit the use of the product [Ca**}[HPO,;? | 


/{aH+} as the limiting factor) or with CaCO;. Accordingly, the [Ca*| 
was calculated from the previously determined values of [Ca**]}*[HPO;-}/ 
[aH*} (Table I), or of [Ca**][CO;-] (3) in sodium chloride solutions. The 
lower value for [Ca*+*] was adopted as a first approximation. With the 
previously established values for the instability constants of CaHPQ, 
CaHCO;*, and CaCOs, first approximations to the concentrations of each 
of these were calculated. The difference between the concentration d 
total calcium and that of the sum of the ionic calcium and the three pre 
viously postulated complexes was regarded as being due to the ‘“‘new com- 
plex.” After the concentration of bound phosphorus and bound carbon 
dioxide had been subtracted from the respective totals, the calculation 
of the concentration of the different forms of calcium was repeated until 
there was no appreciable change. The values for —log[Ca*++?[HPO¢| 
[HCO;-]/[Caz-H-PO,-COs;] [aH*] thus obtained were quite constant over 
a considerable range of pH, but showed a tendency to rise above pH 7.8. 
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This change seemed to be greater than could be accounted for by any 
error in analytical technique or in the choice of constants. It was recalled 
that CaHCO;* dissociates H* and that —log[CaCO;][H*]/[CaHCO;-] = 
7.9(3). It was supposed that Ca:-H-PO,-CO; might similarly dissociate 
H+. Calculations, the results of which are summarized in the last three 
columns of Table II, indicate that this hypothesis may be correct and that, 
if so, the mid-point of the dissociation is at pH 8.3. If this assumption is 
made, the values for —log{Ca**}*[HPO<)[HCOs]/[(Ca,-H-PO,-CO;)[aH*] 
are reasonably constant over the whole range of pH, 6.90 to 9.01. 

This method of calculation was applied to the data of Sendroy and Hast- 
ings obtained at 38°. For —log{Ca}*[HPO,;}*/[aH*}?, the value 4.11 pre- 
viously (5) calculated from the data of Holt, La Mer, and Chown, as re- 
calculated by Sendroy and Hastings, was employed. The values for in- 
stability constants of CaHPOQ,, CaHCO;*, and CaCO; were those obtained 
at room temperatures. This may have introduced a slight error. Be- 
cause the values for the instability constant showed no tendency to change 
as the pH varied between 7.18 and 7.64 and because, even at the latter pH, 
the concentration of (Ca2-PO,-CO;3)~ would still be expected to be small, 
the formation of the latter was neglected. Although the values for the 
concentration of the ‘new complex” are obtained by difference and reflect 
all the errors involved in the determination of the concentrations of three 
different constituents and the calculation of the concentrations of three 
others, the values for the instability constants of this hypothetical new com- 
plex show, for ten of the eleven experiments accepted by Sendroy and 
Hastings,’ rather less variability than do those for the product [Ca**}§ 
[PO,"].2. The values for the means are 5.75 + 0.165 X 10-? for the former, 
and 3.69 + 0.153 X 10-*? for the latter. 

In the foregoing calculations, we have assumed that the ‘‘serum salt” 
solutions employed by Sendroy and Hastings did not contain magnesium. 
It is obvious from a comparison of their Table VIII with their Table I 
that this was certainly true of Experiments 7’ and 7A’, which appear in 
both the sodium chloride and “‘serum salt’’ series. Even if magnesium 
had originally been added, it is possible, even probable, that a considerable 
portion would have been precipitated, or adsorbed, onto the large amounts 
of solid calcium phosphate and carbonate that were added (1 gm. of each 
per 100 ml.). The mixtures employed by Holt, La Mer, and Chown did 
contain magnesium and, since, at the most, only 8.2 mm of phosphate were 
precipitated per liter, and no solid phase was added as such, probably very 
little magnesium was precipitated with the calcium phosphate. Therefore, 

1 Experiment 15 was omitted because an accurate value for the instability con- 


stant cannot be calculated because the concentration of phosphorus is so low that 
five-sixths of it is bound as complex, leaving only 10-* m present as free phosphate. 
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there must have been present, in solution, MgHCO;*, MgCO;, and Mg. 
HPO,. There was also the possibility of the formation of a complex similar 
to that postulated for calcium and of mixed complexes as well. 

The former of these possibilities was investigated by the determination 
of the solubility of magnesium phosphate in the presence and absence of 
bicarbonate. The apparent solubility product of MgHPO, had previously 
been determined by Tabor and Hastings (6) and the negative logarithm 
found to be 4.46 + 0.03,? at » = 0.16 and at 38°, over a rather narrow 
range of pH and of phosphate concentration. As may be seen from Tables 
III and IV, our values over a far greater range of pH, phosphate, and mag- 
nesium concentrations are similar to that of Tabor and Hastings, and are 
almost identical in the presence and in the absence of bicarbonate, 4.225 + 
0.067 and 4.12 + 0.03, respectively. The failure to find any such differ- 
ence as was observed with calcium phosphate may appear rather surpris- 
ing, but it must be remembered that magnesium carbonate and phosphate 
differ in other respects from the corresponding calcium compounds. Mag- 
nesium carbonate dissociates in water to form basic salts and even the hy- 
droxide, while calcium carbonate does not. On the other hand, the ap- 
parent solubility product for MgHPQO, is constant even up to pH 78 
(Table III) or pH 8.0 (Table IV), whereas with calcium the corresponding 
product fails at least 2 pH units below this and the precipitate obtained 
contains calcium and phosphorus in the atomic ratio of 1.5, or more, to 1. 

In calculations from the data of Holt, La Mer, and Chown, allowance 
was made for the formation of MgHCO;+, MgCOs;, and MgHPO,, but 
not for the existence of mixed complexes containing both magnesium and 
calcium. The apparent instability constants thus found varied between 
2.1 X 10°? and 4.7 X 10-, with an average of 2.9 X 10-*. These are 
somewhat smaller than in the case of the experiments of Sendroy and 
Hastings. This difference may be the result of a systematic error due to 
differences in technique in the two laboratories or may, indeed, indicate 
the real existence of mixed complexes. 

It may occur to the reader that the hypothesis developed in this paper 
requires the assumption of the existence of five new substances and of five 
instability constants. In a sense that is true. However, the existence of 
three of these complexes and the validity of the corresponding constants 
have been established in previous publications (3, 4), and the existence of 
MgHP0, and the value of its instability constant have been verified by 
Tabor and Hastings (6). Therefore, it is now necessary to assume only 
the existence of a new pair of complexes, related to each other as acid and 
anion. 


2 The calculation of the standard deviation is ours. 
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Taste III 
Solubility of Magnesium Phosphate in Absence of Bicarbonate 
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Rapeeinent Equilibrated pH Mg P pK’spMgHPO, » xX 108 
days moles X 10° moles X 108 
1 6 7.77 9.88 8.42 4.26 151 
2 6 7.81 10.65 9.10 4.20 148 
3 6 7.40 20.7 9.24 3.97 163 
4 10 7.43 13.1 7.1 4.08 128 
5 11 7.11 14.5 12.8 4.04 124 
6 ll 6.90 14.8 12.7 4.09 129 
7 11 6.91 18.5 12.25 4.01 136 
8 1] 6.82 19.4 11.55 4.05 138 
41 6 7.10 4.64 35.85 4.19 149 
42 6 7.10 4.26 35.45 4.23 149 
43 6 7.03 3.84 36.5 4.28 155 
44 6 6.90 4.26 33.8 4.30 149 
109B 15 6.33 51.0 12.25 3.90 149 
109C 15 6.33 56.3 6.13 4.14 165 
Average, calculated from average for ion product... 4.12 + 0.03 
TABLE IV 
| Solubility of Magnesium Phosphate in Presence of Bicarbonate 
Bagteet Ea pH Mg P CO: pK’ spMgHPO, u X 108 
days moles X 10° \moles X 10° moles X 108 
1 28 6.78 57.0 2.43 20.2 4.41 157 
2 28 6.30 52.9 3.60 33.2 4.42 156 
4 32 6.40 40.8 2.85 7.31 4.54 121 
5 32 6.88 42.0 2.00 17.25 4.47 125 
6 35 6.80 41.3 2.18 14.0 4.47 122 
ll 11 8.00 9.38 7.94 51.6 4.39 146 
12 11 7.80 14.0 7.90 38.8 4.21 147 
13 20 7.69 10.1 9.10 30.3 4.28 135 
14 20 7.40 12.3 10.8 10.4 4.16 125 
21 19 7.30 8.86 8.34 52.0 4.44 141 
22 14 7.22 10.1 9.17 41.3 4.45 136 
23 14 7.12 10.75 9.86 31.7 4.41 130 
24 14 6.80 14.6 11.9 14.4 4.18 125 
51 14 7.32 10.1 40.0 50.7 3.77 166 
52 14 7.20 7.93 38.5 51.5 3.99 157 
53 14 7.22 6.13 | 35.2 50.5 | 4.11 158 * 
54 14 7.20 5.92 33.7 63.5 4.05 157 
Average, calculated from average for ion product.... 4.225 + 0.067 
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SUMMARY 


The solubility of calcium carbonate at u = 0.155 is increased by the 
presence of phosphate, and that of calcium phosphate is increased by the 
presence of bicarbonate. Data are presented that indicate the existence 
of the complexes (Ca,-H-PO,-CO3) and (Ca2-PO,-CO;3)-, with —log 
[aH*}[(Caz-PO,-CO3)~]/[Caz-H-PO,-CO;] = 8.3. 

Over a considerable range of calcium, phosphorus, and hydrogen ion 
concentration, the value for —log[Ca**}*[HPO,.-][HCO;-]/[(Ca2-H-PQ,- 
CO;][aH*] = 1.33. The hypothesis is shown to be consistent with data 
previously reported by others. 

The apparent solubility product for MgHPO, has been determined over 
a wide range of concentrations of magnesium, phosphate, and hydrogen 
ions and found to be the same in the presence, as in the absence, of bicar- 
bonate. 
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THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS 
IN ANIMAL PROTEINS 


By STANLEY W. HIER, CLAIRE E. GRAHAM, RUTH FREIDES, ano 
DAVID KLEIN 


(From the Research Laboratories, The Wilson Laboratories, Chicago) 
(Received for publication, July 7, 1945) 


The amino acid requirements of the lactic acid bacteria have been studied 
by numerous investigators and adaptation to the assay of amino acids has 
been proposed. Shankman ef al. (1) reported that arginine, glutamic 
acid, leucine, phenylalanine, tryptophane, tyrosine, and valine in synthetic 
mixtures could be determined by this procedure. Arginine, valine, leu- 
cine, isoleucine, phenylalanine, and glutamic acid have been determined 
in casein and other proteins with the organisms Lactobacillus arabinosus 
or Lactobacillus casei by Dunn et al. (2), Lyman et al. (3), Kuiken et al. 
(4), McMahan and Snell (5), Hegsted (6), Schweigert et al. (7), and Lewis 
and Oleott (8). Lysine has been determined in proteins with the organism 
Leuconostoc mesenteroides by Dunn et al. (9). These workers also suggested 
that this organism could be used to determine other amino acids as well (10). 

We have investigated the microbiological amino acid determination of 
arginine, histidine, lysine, leucine, isoleucine, valine, tyrosine, phenyl- 
alanine, threonine, and glutamic acid in eight representative animal pro- 
teins. A method for the preparation of the samples for assay is described 
and evidence of the reproducibility and reliability of the microbiological 
amino acid assays of animal protein is presented. 


EXPERIMENTAL 


Standard Solutions—Owing to the variations in purity of natural amino 
acids, synthetic racemic mixtures were used wherever possible. Hegsted 
(11) has reported that Lactobacillus arabinosus utilizes only the / form of 
isoleucine and valine, while the utilization of d-leucine is so slight as to be 
unimportant. We also found that dl-lysine had activity equal only to the 
l-lysine content for Leuconostoc mesenteroides. It was therefore assumed 
that only the / form of the racemic mixtures used as standards was active 
and the results are reported in terms of /-amino acid composition. All 
standard solutions were preserved under toluene in the refrigerator. The 
following amino acids were used in preparing standard solutions: dl-iso- 
leucine (Merck), di-leucine (Merck), di-threonine (Merck), /(+-)-glutamic 
acid, dil-valine (Merck), dl-phenylalanine (Merck), /(+)-arginine hydro- 
chloride (Pfanstiehl), /(—)-tyrosine (Pfanstiehl), /(—)-histidine hydro- 
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chloride + H,O (analytical purity grade, Amino Acid Manufactures), and 
di-lysine hydrochloride (Merck). 


Procedure 


Glutamic Acid, Leucine, Isoleucine, Valine, and Threonine—These amino 
acids were determined with Lactobacillus arabinosus 17-5, the basal medium 
described in Table I being used. This medium is modified according to the 
procedure of Shankman (12), and the usual microbiological technique of 


TABLE I 


Medium* for One Hundred Tube Assay for Leucine, Isoleucine, Valine, Threonine, 
or Glutamic Acid 


The amino acid being assayed is omitted from the basal medium. 











cc me 

SEE Citecciseascecsesacces 5 l(—)-Tyrosine 40 
PARI GA Ais Mate ands fies 5 dl-Phenylalanine 100 
gm. 1(+)-Lysine HCl.... 200 

Glucose... oy ee Oe ee ee eee 20 di-Alanine. .. . ; ne 
Sodium acetate - a eared ee 20 L(+ )-Arginine Hc! : oo ee 
Ammonium sulfatet............ 6 l(—)-Histidine HCl-H,O 50 
7 Asparagine 400 

Biotin pA GbOse. To 0.4 l(—)-Proline... 100 
mg. dl-Serine. .. Pe ‘ ee 

Adenine H,SQ,............. ee dl-Norleucine. .. ... 10 
Guanine HCl 10 l(— )-Hydroxyproline .. 100 
Uracil Igoe pera oat tga 10 Glycine sone 
Re 0.20 | dl-Isoleucine ... 200 
Niacin PES Wille Sha odd tele’ O:20| di-Laewmedee... si... cece eek 200 
Ca pantothenate......... mere. ee ee .... 200 
Pyridoxine HCl Se hie t-e 0.20 | 1(+)-Glutamie acid .. 400 
p-Aminobenzoic acid Dade 0.10 dl-Valine 200 
NS 5-6 aces hee 2's ...+-++ 0.20 | l(—)-Cystine 100 
l(—)-Tryptophane... ........ 40 dl-Methionine...... . 100 





* Modified according to the procedure of Shankman (12). 
+ Included only for the glutamic acid assay. 


inoculation, incubation, and titration with 0.1 N sodium hydroxide was 
followed (2, 12, 13). It was found that the autoclaving time was quite 
important inasmuch as excessive autoclaving led to low maximum growth 
and unsatisfactory assays. This was particularly true for the threonine 
assays in which excessive autoclaving gave high blanks and made it impos- 
sible to obtain an assay. This was probably due to the formation of 
pyridoxal or pyridoxamine, as was reported by Stokes and Gunness (14), 
enabling the organism to synthesize threonine. Titration ranges from 4 
blank of 1.1 to 1.4 cc. to a maximum of 13 to 14 cc. were usual for 0 to 200 
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y of dl-leucine, dl-isoleucine, di-valine, and 0 to 300 7 of /-glutamie acid, 
while 2.4 to 2.6 up to 13 to 14 cc. was the usual range for 0 to 200 of dl- 
threonine. 

Arginine, Phenylalanine, and Tyrosine—These amino acids were deter- 
mined with Lactobacillus casei, with the medium described by McMahan 
and Snell (5). Arginine, phenylalanine, and tyrosine were omitted from 
the stock solutions and the two not being assayed were then added in solid 
form to the complete basal medium. 10 cc. volumes were used and re- 
sults were obtained by titration. Titration ranges of 1.0 to 9.0 ec. of 0.1 
x sodium hydroxide were usually obtained for 0 to 200 y of l-arginine and 
di-phenylalanine and 0 to 100 y of /-tyrosine. 

Histidine and Lysine—These amino acids were assayed with Leuconostoc 
mesenteroides P-60 with the improved Medium D described by Dunn et al. 
(9, 10). Histidine and lysine were omitted from the stock solutions and 
the one not being assayed was added in solid form to the complete basal 
medium. Results were obtained by titration. Titration ranges of 1.0 
to 9.0 ec. were usually obtained for 0 to 100 y of /-histidine and 0 to 500 y 
of di-lysine. 

Proteins Assayed—Nitrogen values are reported on the ash-, water-, and 
fat-free basis. 

Casein—Labco casein, nitrogen content 15.6 per cent. 

Fibrin—Wilson’s fibrin, a commercial product prepared from fresh beef 
blood by stirring. The crude clot was washed free of hemoglobin and cells 
with water, extracted with fat solvents, and vacuum-dried. Nitrogen 
content 16.6 per cent. 

Lactalbumin—Borden’s lactalbumin 15-42 which probably also contained 
lactoglobulin. Nitrogen content 14.3 per cent. 

Gelatin—Wilson’s pure food gelatin, a pork skin type of gelatin. Nitro- 
gen content 17.6 per cent. 

Pancreas—Wilson’s pancreas, dried defatted pork pancreas. Nitrogen 
content 15.4 per cent. 

Beef Muscle—The gluteus maximus muscle of a dairy cow was trimmed 
of its outside fat, hashed, and desiccated with 10 volumes of acetone. The 
liquid was separated by filtration and the meat washed twice with 2 liter 
portions of acetone. The residue was then dried in vacuo. This residue 
was then exhaustively extracted with ether by Soxhlet extraction and again 
dried. Nitrogen content 16.4 per cent. 

Bovine Albumin—Crystalline bovine serum albumin, Armour.' Nitro- 
gen content 16.02 per cent. 


‘Kindly supplied by Dr. F. C. Koch of the Armour Research Laboratories, Chi- 
cago, Illinois. 
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Beef Serum—After defibrination of fresh beef blood by stirring, the liquid 
portion was centrifuged to remove cells, and the supernatant serum was 
spray-dried. Nitrogen content 14.9 per cent. 

















TaBLe II 
Effect of Hydrolysis Time with 8 wn HC lo on Amino Acid Assay 
Fibrin Pancreas Casein 
Amino acid ae See ; SED 
Shrs. | 24 hrs. 4 hrs. 16 hrs. 4 hrs. 8 hrs. 24 hrs. 
| per cent | per cent | per cent percent | percent percent | per cenit 
Arginine. . ah hae 7.1 7.2 6.4 6.7 3.6 3.5 3.7 
Glutamic acid............. 15.5 14.4 6.2 6.1 20.5 21.4 22.2 
Peastidine. ......... ee 3-4 33 1.4 1.4 2.6 2.4 2.7 
ONG i. hei coin de wt 5.9 5.9 5.8 5.8 5.6 5.6 6.0 
NE eee ee rar 6.8 6.9 7.0 7.0 9.8 9.5 9.2 
Lysine rae 8.2 8.6 6.4 6.5 7.2 7.2 7.1 
Phenylalanine..... 4.6 4.2 3.8 3.8 5.5 5.2 5.4 
Threonine.... 6.1 6.7 5.8 5.2 4.2 4.3 4.2 
Tyrosine 6.3 5.8 t.] +.1 6.7 6.5 6.4 
Valine 5.1 5.8 §.2 5.3 7.0 7.4 7.5 


| 





| 


TaB.Le III 


Comparison of Results of Three Separate Assays of Lacialbumin and Beef Muscle over 
3 Month Period 

















Maxi- . Maxi- 
Lactalbumin | mum Beef muscle | mum 
| Mean and maxi-|per cent |Mean and maxi- per cent 
Amino acid | mum deviation | devia- = .__.| mum deviation | devia- 
‘in As —| from mean tion we ey from mean | tion 
a ~ aE > J a Ra Be tl Fame from 
‘a | say al mean 7 ? | 7 | | mean 
€ Pp 
fer, A te oe ome Set | Sone} Some oom | 
Arginine...... 3.1) 3.21 3.3) 3.2+0.1) 3.1 | 6.0) 5.6) 6.3) 6.02+0.4] 6.7 
Glutamie acid. .|17.2)16.8)16.2) 16.8 + 0.6) 3.6 14.815.0)15.8) 15.2 + 0.6) 3.9 
Histidine.......| 1.8} 1.9} 1.7] 1.8240.1); 5.6 | 3.7) 3.7) 3.3) 3.4620.2| 5.7 
Isoleucine | 6.3) 5.8) 5.9) 6.040.3) 5.0 5.5 5.1] 5.3) 5.340.2!| 3.8 
Leucine. 10.8/11.1110.6, 10.820.3| 2.5 | 7.9) 7.6) 7.6) 7.740.2) 2.6 
Lysine 8.5) 8.3) 8.5} 8.440.1/ 1.9 | 7.3) 8.3) 8.1) 7.9+0.6) 7.6 
Phenylalanine. .| 3.9) 3.5) 3.7| 3.740.2) 5.4 3.9 3.8) 4.0/ 3.9+0.1)| 2.6 
Threonine. 5.4) 5.1) 6.1) 5.640.5) 8.9 | 5.8 5.1/5.2 5440.4 7.4 
Tyrosine....... 4.9 4.6) 4.2) 4640.4) 8.7 | 4.0 4.3) 4.1 .1+0.2) 4.8 
Valine. . ...--| 6.2] 5.6] 6.2) 5.9240.3/ 5.1 | 5.2) 5.2) 5.2) 5.240.0; 0.0 


| 


Preparation of Samples for Assay—2 gm. of sample were refluxed with 
80 ec. of 8 N hydrochloric acid for 8 hours in all-glass equipment. The 
hydrolysate was then diluted to roughly 500 ec. with distilled water and 
neutralized with 8 n sodium hydroxide to pH 6.8, bromothymol blue being 
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used. The volume was accurately adjusted to 1000 cc. with distilled water 
and the solution was filtered. The filtrate was then diluted, if neces- 
sary, so that the concentration of the amino acid being assayed was ap- 
proximately 20 y per ce. 

Evidence that 8 hours hydrolysis time with 8 n hydrochloric acid is 
adequate for fibrin, pancreas, and casein is presented in Table II. No 
destruction of the amino acids occurred when hydrolysis was conducted 
for 24 hours, while even 4 hours of hydrolysis gave approximately the same 
values. Similar results were obtained with the other proteins reported. 
































TaBLe IV 
Recovery of Amino Acids Added to 2 Gm. of Lactalbumin or Beef Muscle Previous to 
Hydrolysis 
Lactalbumin | Beef muscle 
ora F a ree re 7 
ee | in sam ! isomer rg Recovery in sam- | 1 isomer my —— 
a A added recovered | rode added recovered} . 
| mg. mg. meg. per cent | me. me. | me. | per cent 
Arginine ...| 57 | 42¢ | 42 | 100 | 106 | 42¢ | 42 | 100 
Glutamic acid.....| 284 | 300 | 310 | 103 | 293 | 300 | 273 | on 
Histidine | 8 | Sat 34 | 100 | 69 | 34t | 30 | 88 
Isoleucine | 100 | 100§ | 108 | 108 | 103 | 1008 | 93 93 
Leucine con ae 208§ 200 | 96 | 147 200§ | 199 | 100 
Lysine .....| 150 | 120 118 | 98 | 154 | 120) | 121 | 100 
Phenylalanine.....| 64 75§ 74 | 99 | 76 | 75§ | 75 | 100 
Threonine.........| 106 | 100§ | 114 |] 114 | 95 | 1008 | 95 | 96 
Tyrosine - 85 40 38 | 95 81 40 | 41 | 103 
Valine.............| 107 | 100§ | 108 | 108 | 115 | 100§ | 100 | 100 





* These values are reported as found without correction for the ash, water, or fat 
content of the protein sample. ° 

t Added as /(+)-arginine hydrochloride (50 mg.). 

t Added as /(— )-histidine hydrochloride + H,O (46 mg.). 

§ Added as the dil mixture in twice the amount indicated. 

|| Added as di-lysine hydrochloride (300 mg.). 


Reproduciility—To test the reproducibility of values from one test to 
another, three separate assays for lactalbumin, casein, and beef muscle 
were conducted. The maximum percentage deviation from the mean was 
found to be less than 10 per cent in the case of all of the amino acids re- 
ported. Table III shows typical results obtained in the tests made with 
lactalbumin and beef muscle. 

Recovery Experiments—Table IV shows the results of recovery experi- 
ments with lactalbumin and beef muscle. The recoveries range from 
88 to 114 per cent with a mean of 100 per cent for all the recovery experi- 
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ments, indicating that recoveries are quantitative and that the hydrolysis 
procedure as well as the assay procedure itself is satisfactory for all of these 


assays. 
Validity of Procedures—Tables V to VIII show the results of the micro- 


biological assay of the proteins described above. These values are com- 


Tasie VI 
Threonine and Glutamic Acid Content of Proteins 


The figures in parentheses indicate the nitrogen content of the protein samples 








on which the assay value is based. 


Threonine Glutamic acid 











Chemical value Chemical value 





Protein Micro- | ————____— 


bivlogi- Ref- Ref- Ref- 
cal er- er- er- 
value* ence ence ence 
No. No No. 
a per cent per cent per cent per cent 
Casein 4.1 3.5 (14.0) | 27 | 21.4 22.8 (16.0) 16 
3.5 (14.7 16 | 22.5 (15.6) | 2 | 22.0 (15.7) 28 
| 19.7 (14.0) | 8 | 22.0 (14.0) 29 
21.5 (15.2) | 3 
Beef fibrin 6.4 7.9 (16.0) 16 15.0 13.1 (15.2) 30 
6.8 (17.0) | 21 | 12.4 (16.0) | 8 | 16.0 (16.0) 29 
Lactalbumin 5.6 4.5 (13.8) | 16) 16.8 13.7 (14.9) | 22 
4.3 (14.9) 22 13.4 (16.0) 16 
§.2 (15.4) | 31 
Gelatin 1 1.9 | 1.5 (16.0) | 16} 11.5 12.0 (18.0) | 29 
1.4 (16.0) | 27 10.2 (18.0) | 8 
Pork pancreas 5.6 | 4.17 (16.0) | 16); 6.2 
Beef muscle 5.4 5.3 (16.0) 16) 15.2 15.4 (16.0) 16 
4.6 (16.0) 24 | 
Bovine albumin 6.3 6.46 (16.07) 21 | 18.0 16.9 (16.07) | 21 
16.95 (16.07) | 25 
Beef serum 5.9 | 6.3f (16.0) | 16) 13.2 





* The first value for each protein is that of the authors reported on the ash-, 
water-, fat-free basis. 

t Beef pancreas value. 

t Human serum protein value. 


pared with chemical and microbiological values reported in the literature. 

Arginine, Histidine, and Lysine (Table V)—The microbiological values 
agree satisfactorily with chemical values for arginine, histidine, and lysine 
in most cases. Unsatisfactory agreement appears in the histidine assay 
of pancreas and beef muscle and the lysine assay for pancreas. Our value 
for the lysine content of bovine albumin agrees quite well with that of 
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Shemin (25) obtained by the isotope dilution method. Brand’s valye 
(21) obtained by the Van Slyke manometric method is considerably lower? 

Threonine and Glutamic Acid (Table VI)—Snell (43) has shown that 
pyridoxamine and pyridoxal are present in natural products, particularly 
in liver. Since Lactobacillus arabinosus can synthesize threonine in the 


Taste VII 
Tyrosine and Phenylalanine Content of Proteins 


The figures in parentheses indicate the nitrogen content of the protein samples on 
which the assay value is based. 























Tyrosine Phenylalanine 
: Chemical value | Chemical value 
Protein Micro)io- |- — | Microbio- 
logical Refer- logical | Refer- 
valuc* ence value* ence 
No. No 
per cent per cent per ceni per cent xz 
Casein 6.5 6.5 (15.1) 32 | 5.3 | 5.0 (15.4) | 38 
6.4 (16.0) 16 | | 4.0 (?) 34 
6.0 (14.5) 18 
Beef fibrin 6.0 5.0 (16.0) 16 | 4.4 | 6.0 (16.0) | 16 
5.7 (17.0) 21 | | 
Lactalbumin 4.6 | 4.7 (14.2) is 3.7 | 4.8 (13.8) | 16 
3.5 (14.9) 22 | 4.5 (14.9) 22 
| 3.6 (?) | 34 
Gelatin | 0.44 | 0.3 (16.0) 16 2.2 1.9 (16.0) | 16 
| 0.4 (16.0) 35 2.5 (?) | 36 
| | 1.6 (?) | 34 
Pork pancreas | 4.2 3.0¢ (16.0) | 16 3.8 | 4.4f (16.0) 16 
Beef muscle | 4.1 3.4 (16.0) | 16 3.9 4.9 (16.0) | 16 
| 4.3 (16.0) 24 | | 4.9 (16.0) | 24 
Bovine albumin | 5.2 5.49 (16.07) 21 6.4 | 
5.53 (16.07) 25 | 
Beef serum | 4.9 | 4.7 (16.0) | 16 | 4.7 | 5.4¢ (16.0) | 16 





* The first value for each protein is that of the authors reported on the ash-, 
water-, fat-free basis. 

+ Beef pancreas value. 

t Human serum protein value. 





presence of either of these substances, the possibility exists that threonine 
values obtained microbiologically may be high. However, the agreement 
between our values and those obtained chemically would indicate that 


?Since this paper was submitted for publication Brand and coworkers have re- 
ported a value of 12.4 per cent lysine in bovine serum albumin obtained by micro- 
biological assay with Leuconostoc mesenteroides P-60 (J. Am. Chem. Soc., 67, 1524 
(1945)). This is in excellent agreement with our value of 12.3 per cent. 
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these substances are not present in our samples in sufficient quantity to 
produce this stimulatory effect. 

The glutamic acid results show good agreement between microbiological 
and chemical assays as previously reported by Lewis and Olcott (8), Dunn 
et al. (2), and Lyman et al. (3). There is also good agreement between the 
various laboratories for the microbiological assay of similar proteins. 

Tyrosine and Phenylalanine (Table VII)—The microbiological and 
chemical values for tyrosine agree satisfactorily in all samples except in the 
vase of pancreas. The agreement between microbiological and chemical 
values for phenylalanine is not very satisfactory. However, the poor agree- 
ment between values obtained chemically indicates that some of the chem- 
ical values lack accuracy. The microbiological value of 3.70 per cent 
phenylalanine in casein reported by Hegsted (6) is not included in Table 
VII inasmuch as the values he reported for leucine and valine in casein were 
also lower than those obtained by other workers, indicating his media to 
have been deficient. 

Leucine, Isoleucine, and Valine (Table VIIIT)—There is good agreement 
between our values for leucine, isoleucine, and valine and those reported 
by other workers using Lactobacillus microbiological procedures. Ryap 
and Brand (21, 38) reported the leucine content of casein, fibrin, and 
gelatin using the Neurospora mutant spore procedure. Our values for 
these proteins agree quite well with theirs. The gelatin sample of Ryan 
and Brand is apparently the same preparation used by Stein (39) who re- 
ported 3.5 per cent by the solubility product procedure. Good agree- 
ment between all three methods is therefore indicated. 

The chemical oxidation procedure of Block (16) appears to give con- 
siderably higher values for leucine and lower values for isoleucine and valine 
than the microbiological procedures. Gordon et al., however, report 2.3 
per cent valine in gelatin (40) determined chromatographically, which 
agrees quite well with our figure of 2.5 per cent. 

DISCUSSION 

The application of the microbiological assay to the determination of 
amino acids offers a rapid, convenient, and accurate procedure for the 
study of protein composition. Our microbiological values agree quite 
well with values obtained by chemical procedures, and it is possible for one 
analyst to determine all of the amino acids described in this paper in four 
to five samples in approximately 7 working days. This is a considerable 
improvement over the older chemical procedures in time saved and in 
equipment required as well as in accuracy and reproducibility. 

MeMahan and Snell (5) indicated that while all of the amino acids used 
in their basal medium are not essential for growth of the organism heavier 
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growth is obtained and antagonistic effects occur less frequently when 
complete amino acid mixtures are used. We wish to confirm these obser- 
vations and indicate that, with the media reported in this paper, we have 
found no indications of antagonistic effects despite the varied samples 
studied. In addition, after 72 hours incubation and with the titration 
procedure, there was no indication of drift in values at different levels of 
the sample which has been reported for certain of the microbiological 
vitamin assays. Generally, the agreement between levels of the sample 
when calculated to micrograms of amino acids per cc. is well within 10 per 
cent and usually within 5 per cent. 


SUMMARY 


A simple method for preparing samples for the microbiological assay of 
certain amino acids is described. The hydrolysate obtained may be as- 
sayed for arginine, histidine, lysine, leucine, isoleucine, valine, threonine, 
tyrosine, glutamic acid, and phenylalanine by methods described. The 
amounts of these ten amino acids in casein, beef fibrin, lactalbumin, gelatin, 
pork pancreas, beef muscle, crystalline bovine albumin, and beef serum 
are reported. Evidence of reproducibility and of the validity of these 
values is presented. . 
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ICROBIOLOGICAL DETERMINATION OF FREE LEUCINE, 
ISOLEUCINE, VALINE, AND THREONINE IN DOG PLASMA 


By STANLEY W. HIER anp OLAF BERGEIM 


(From ‘the Department of Biological Chemistry, College of Medicine, University of 
Illinois, and The Wilson Laboratories, Chicago) 


(Received for publication, September 1, 1945) 


Considerable work on the application of microbiological procedures to 
the determination of amino acids in proteins has been reported in the re- 
cent literature. Methods for the determination of leucine, isoleucine, and 
valine have been described by Shankman ef al. (1), Hegsted (2), Schweigert 
etal. (3), and Hier et al. (4). The latter authors also described a method for 
the determination of threonine in animal proteins. In work preliminary 
to studies on the metabolism of proteins we have successfully applied these 
methods to the determination of free leucine, isoleucine, valine, and thre- 
onine in dog plasma. Our procedure follows along the lines suggested by 
Dunn et al. (5) for the determination of apparent free tryptophane in 


human blood. 


EXPERIMENTAL 


Preparation of Tungstic Acid Filtrate—40 to 50 cc. of blood were removed 
from the femoral artery of mongrel dogs previously fasted for 24 hours. 
Clotting was prevented by the use of heparin. Centrifugation and removal 
of the plasma were carried out within 1 hour of collection. For the deter- 
mination of leucine, isoleucine, valine, and threonine 16.0 ec. of plasma 
were measured into a flint glass 125 cc. bottle, followed by 22.4 cc. of dis- 
tilled water. The bottle was then stoppered and shaken, and 5.6 ce. of 
exactly 0.60 Nn H.SO, were added slowly with mixing, followed by 4.0 cc. of 
exactly 10.0 per cent sodium tungstate. The stoppered bottle was then 
shaken for 2 to 3 minutes and the fluid was filtered through Whatman No. 
40 paper. A water-white, clear filtrate was obtained with all plasma sam- 
ples when this procedure was used. The pH was then adjusted with 0.7 x 
NaOH to 6.8, bromothymol blue being used as an outside indicator. 2 
to 4 drops of sodium hydroxide were usually adequate, thus having a neg- 
ligible effect on the volume. Each ec. of tungstic acid filtrate, therefore, 
represented 0.33 ec. of original plasma. 

Assay Procedure—The basal media were prepared as described in a 
previous paper by Hier e¢ al. (4). Small tubes (16 X 150 mm.) were used 
and only 1.0 ec. of basal medium was added to each tube. After the addi- 
tion of standard and unknown solutions the final volume was adjusted to 
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2.0 cc.; the tubes were plugged and sterilized for 10 minutes. All other 
details were carried out as previously described (4) except that the tubes 
were titrated with 0.02 n NaOH. The standard curves for leucine, iso- 
leucine, and valine with levels from 0 to 30 y per tube ranged from about 


TaBie [ 


Recovery of Leucine, Isoleucine, Valine, and Threonine Added to Plasma Previous 
to Precipitation of Proteins 





Found Added 





Plasma | Found Added Re- Re. 
ey piesa sleawe? covered Recovery } he gheume ° ™ seein 
Leucine Isole FS 
Y ¥ y per cent y per cen 
] 13.7 10.5 11.0 105 9.0 10.0 12.5 125 
2 15.6 10.0 9.0 90 10.0 10.4 10.5 100 
3 13.5 16.0 16.0 100 9.5 20.0 16.0 SO 
4 14.4 20.0 17.0 85 9.2 20.0 21.0 105 
5 16.4 20.0 19.5 9S 11.0 20.0 18.0 90 
6 20.0 20.0 18.8 4 15.6 20.0 20.5 103 
7 20.9 20.0 21.5 108 18.0 25.0 92.5 90 
S 22.5 25.0 27.0 108 12.6 20.0 21.5 108 
Average recovery and 
standard deviation 98.5 + 8.4 100 + 13.7 
Valin t , P 
l 21.2 10.0 12.5 125 30.0 10.4 12.0 115 
2 17.7 10.4 9.7 93 10.5 20.0 16.1 S] 
3 19.5 6.2 6.1 QS 32.1 20.0 19.0 95 
+ 19.0 20.0 23.0 115 18.0 20.0 18.0 95 
5 20.4 20.0 20.0 100 33.0 20.0 17.0 85 
6 17.0 20.0 19.0 95 31.5 25.0 22.5 90 
7 16.0 20.0 20.0 100 
8 18.0 20.0 19.0 95 
9 24.0 20.0 17.5 89 
10 24.6 25.0 26.0 104 
Average recovery and 
standard deviation 102 + 10.8 93.5 + 11.9 


* Added as the di form in twice the amount indicated. 


1.0 to 13.0 ec. The threonine curve with the same levels ranged from 
about 2.0 to 13.0 ce. 

The standard solutions were prepared with Merck’s di-leucine, dl-is0- 
leucine, di-valine, and dl-threonine. All values are reported in terms of the 
l-amino acid content of the racemic standards (50 per cent). 
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Agreement between values at different levels was well within 10 per cent 


of the mean in all cases. 


TaB_e II 
Reproducibility of Assays and Effect of Storage of Plasma at —17° 


There was no evidence of drift due to inhibition 























Dog No. Days storage Amino acid found | Dog No. Days storage Amino acid found 
Leucine Isoleucine 
¥ per cc. ¥y per cc. 
2 0 13.7 | 2 0 9.0 
2 0 15.6 2 15 10.0 
14.7 + 1.4* 9.5 + 0.7* 
3 0 13.5 3 0 9.5 
3 15 14.4 3 14 9.2 
3 22 16.4 3 21 9.9 
3 30 15.0 9.5 + 0.4* 
14.7 + 1.3* 
4 0 20.0 4 0 11.0 
4 19.5 4 8 15.0 
4 18.0 4 8 15.0 
19.2 + 1.1* 13.7 + 2.3* 
5 0 22.7 5 0 14.7 
5 0 23.7 5 0 14.3 
5 7 20.9 5 7 15.6 
22.4 + 1.0* 14.9 + 0.7* 
Threonine Valine 
2 0 30.0 1 1 21.7 
2 7 30.0 1 1 21.2 
30.0 + 0.0* 21.5 + 0.4* 
3 0 40.5 3 1 19.5 
3 7 32.1 ee. 7 19.0 
3 15 32.0 a 14 20.4 
35.0 + 4.7* 3 14 17.0 
| 3 21 16.0 
3 35 19.0 
18.5 + 1.7* 
4 0 18.0 | 4 1 |, 22.6 
t 8 15.0 | 4 8 21.0 
4 s | m2 bay 8 | 21.8 
16.1 + 1.7* 21.8 + 0.8* 
5 0 28.4 5 1 25.6 
5 0 27.0 5 1 27.9 
5 7 33.0 5 7 24.0 
29.343.7* | 25.9 + 2.0* 





Mean and standard deviation. 


or stimulation, as has been reported for the microbiological assays for some 


vitamins in blood. 
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Recovery Experiments—In order to determine the reliability of the method 
of protein precipitation and the assay procedure itself, recovery experiments 
were performed. The amino acids to be recovered were added in solution 
to the plasma previous to precipitation with sodium tungstate and the 
amount of water was reduced accordingly. In this way a 1:3 ratio between 


TaB_e III 
Free Amino Acid Content of Plasma Removed from Fasted Mongrel Dogs 











Dog No. and sex Leucine Isoleucine Threonine Valine 


Samples removed under nembutal anesthesia 























» per 6 ~— > der ex. 

l¢ 10.5 21.5 

29 14.7 9.5 30.0 i7.7 

3 9 14.8 9.5 35.0 18.5 

4o 18.9 13.7 16.1 21.8 

5A 22.4 14.9 29.3 25.9 

6 22.7 18.0 31.5 24.6 

Average and standard 

deviation 18.7 + 3.9 12.7 + 3.7 28.424 7.3 21.7 +3.3 











Samples removed without anesthesia 


7a 16.4 8.8 29.4 15.2 
8 22.0 13.32 28.4 20.9 
9¢ 30.0 17.1 15.0 30.0 
1l0¢ 30.6 19.5 28.7 30.3 
11 9 14.3 8.7 3.3 15.2 
12 ¢ 22.9 15.3 27.6 25.0 








Average and standard 
deviation. . 22.7 + 6.8 13.6 + 4.5 23.6 + 7.4 22.8 + 6.8 








Recapitulation for all 12 dogs 





Range 14.3-30.6 8.7 .2-30.3 
Mean 20.9 13.1 25.8 22.2 
Standard deviation 5.6 3.8 7.3 5.3 

- error ... Bie = 2.2 1.7 





plasma and filtrate was maintained. The amino acids were added in the 
di form in twice the amount of | form required, since the d form was con- 
sidered to have no activity. As may be seen from Table I, recoveries are 
equally satisfactory for leucine, isoleucine, valine, and threonine and 
indicate the quantitative nature of the procedures. 

Reproducibility of Assays and Effect of Storage of Plasma at —17°— 
Plasma from the same dog was divided into several portions and kept at 
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—17° for periods up to 35 days. These portions were then thawed and 
analyzed for free amino acid content at different time intervals, as indi- 
eated in Table II. When 0 day of storage is shown, the filtrate was pre- 
pared from fresh plasma on the day it was removed from the dog. The 
data indicate that even after storage for 35 days at —17° values may be 
reproduced within 15 per cent of the mean, while samples of plasma assayed 
in duplicate at the same time check within 10 per cent. 

Amino Acid Content of Dog Plasma—tThe results of the amino acid assay 
of plasma from twelve mongrel dogs are shown in Table III. For the 
purposes of our experiments it was important to know whether nembutal 
anesthesia had any effect on the free leucine, isoleucine, valine, or threonine 
content of the plasma. It is evident that while there appears to be some 
range in the values for each amino acid in both groups of dogs there is no 
significant effect of nembutal on amino acid concentration. Within the 
limits of accuracy that can be attained with the small number of observa- 
tions, this may be tested by application of the formula (m, — mz)/V e; + e: 
where m, and m, are the*two mean results and e; and é, are their respective 
standard errors. The values are as follows: leucine 1.29, isoleucine 0.38, 
valine 0.39, and threonine 1.66. According to Burn (6) a value of less 
than 2 indicates no significant difference between the groups. 

The combined values for the amino acid content of plasma from anesthe- 
tized and unanesthetized fasted dogs are also given in Table III. 





DISCUSSION 


The data presented indicate the reliability and reproducibility of these 
methods for the determination of apparent free leucine, isoleucine, valine, 
and threonine m dog plasma. We have also found, in a limited number of 
samples, that the methods apply equally well to human and rabbit plasma. 
It is of interest that our attempts to measure free glutamic acid in dog 
plasma by a similar microbiological procedure were unsuccessful because 
of the low concentration of this amino acid. Our results showed that dog 
plasma contains less than 6 y of free glutamic acid per cc. in six samples 
examined. This was the limit of sensitivity of our method and the actual 
concentration may be considerably smaller. The low glutamic acid con- 
tent of the plasma may indicate a low threshold for this amino acid. This 
may be related to the nausea and vomiting caused by intravenous injection 
of glutamic acid reported by Unna and Howe (7) and Madden (8). The 
comparatively large amount of glutamine present in dog plasma reported 
by Hamilton (9) was not measured by this procedure although glutamine 
does stimulate the growth of Lactobacillus arabinosus in the absence of 
glutamic acid. Lyman etal. (10) reported that most of the glutamine added 
to their assay tubes was converted to pyrrolidonecarboxylic acid when the 
tubes were autoclaved previous to inoculation. This substance does not 
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stimulate Lactobacillus arabinosus. Presumably, a similar conversion 
occurred with the dog plasma filtrate samples. 

The mean values for leucine, isoleucine, valine, and threonine presented 
in Table ILI are typical of the mongrel dogs studied. We have not chosen 
to call them normal values, since the nutritive state of the animals was not 
controlled. It would be preferable to obtain normal values from dogs bred 
and raised under controlled laboratory conditions. However, these values 
are significant in showing concentrations of the free amino acids and their 
relative proportions in fasted dog plasma. 

These methods probably have a fairly high degree of specificity. Heg- 
sted (11) has shown that isoleucine is effectively replaced by the corre- 
sponding a-hydroxy acid although leucine and valine are not, while of the 
acetyl derivatives only acetylleucine is active and all three a-keto acid 
derivatives are somewhat active. The presence of any of these derivatives 
in blood filtrates remains to be proved. High levels of pyridoxal or pyri- 
doxamine may lead to high threonine values, since the organism can utilize 


these to produce its own threonine (4, 12). ‘ 


SUMMARY 

Microbiological methods are presented for the determination of free 
leucine, isoleucine, valine, and threonine in dog plasma. 

Plasma samples from twelve fasted mongrel dogs were found to contain 
14.3 to 30.6 y per ec. of leucine with a mean value of 20.9 + 5.6, 8.7 to 
19.5 y per ec. of isoleucine with a mean value of 13.1 + 3.8, 15.0 to 35.07 
per cc. of threonine with a mean value of 25.8 + 7.3, and 15.2 to 30.3 y per 
ec. of valine with a mean value of 22.2 + 5.3. Five samples of dog plasma 
were found to contain less than 6.0 y per ec. of glutamic acid. No differ- 
ences in the free amino acid content of plasma were found in anesthetized 
animals as compared with unanesthetized animals. 
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FATE OF INGESTED SULFIDE SULFUR LABELED WITH 
RADIOACTIVE SULFUR IN THE RAT* 


By DOMINIC D. DZIEWIATKOWSKI 


(From the Department of Biochemistry, Vanderbilt. University School of Medicine, 
Nashville) 


(Received for publication, September 1, 1945) 


It is well known that in the metabolism of some sulfur-containing amino 
acids in the intestinal tract hydrogen sulfide may be formed (1). This 
product, due to its high coefficient of absorption (3), could be rapidly 
absorbed in large amounts if its formation were extensive. The rat, as 
well as man, may have sulfide sulfur generated in the liver from cysteine 
or cystine (12, 14). Another source of hydrogen sulfide, for some indi- 
viduals at least, is the hydrogen sulfide which may contaminate the air of 
their environment. ‘The question arises, therefore, as to the fate of the 
sulfide sulfur in the animal organism. 

Haggard (9) demonstrated that oxygenated plasma as well as whole 
blood could oxidize sulfide sulfur. On the basis of his experiment on the 
repeated slow intravenous administration of sodium sulfide to a dog he con- 
cluded that the rate of oxidation in the intact animal may be such that 
many times the lethal amount can be handled without any apparent ill 
effect. Denis and Reed (5) obtained some evidence that sulfide sulfur 
may be oxidized to sulfate sulfur in the dog after intravenous injection of 
sodium sulfide. They further noted that after feeding powdered sulfur 
to dogs some 10 per cent of it appeared in the urine as sulfate sulfur and 
neutral sulfur (6). It was postulated that the elementary sulfur, which 
itself is insoluble in the intestinal juices, was converted by the intestinal 
flora to hydrogen sulfide and so absorbed, and that the hydrogen sulfide 
was oxidized to sulfate sulfur in the animal organism. Andrews has 
demonstrated that such a conversion of the elementary sulfur to sulfide 
sulfur may occur in vitro by the action of the intestinal flora of the dog (1). 

The present report is concerned with the distribution of labeled sulfur 
in the organs and excretions of rats following the administration of sodium 
sulfide containing radioactive sulfur (S*). 


EXPERIMENTAL 


A sample of barium sulfide containing radioactive sulfur (S*®) was sus- 
pended in a small volume of distilled water and allowed to react with a 
slight excess of sodium sulfate for 48 hours at room temperature in a well 


* Aided by a grant from the Bristol-Myers Company. 
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stoppered tube. The resultant barium sulfate was filtered off and the 
filtrate used in these experiments. 

White, male albino rats of approximately 5 months of age were placed 
in metabolism cages suspended over large funnels which were loosely stop. 
pered with hobnailed glass balls to allow urine collection with a minimum 
contamination with feces. The animals were fed Purina dog chow jp 
separate cages for 30 minutes at the commencement of each 24 hour period, 
Drinking water was allowed at all times. 

Two rats of the same age and approximate body weight were each given 





2 ml. of a solution of sodium sulfide containing S®* (approximately 1.66 mg. 
of sulfide sulfur) by stomach tube at the end of their daily eating period, 
The urine and feces were collected for the following 24 hours. At the end | 
of this period the animals were anesthesized with nembutal, and the various 
tissues dissected out and weighed immediately. The hair was pulled from 
the skin and investigated separately. 

The inorganic sulfate sulfur, total sulfate sulfur (8), and the total sulfur 
(4) of the urine were isolated as barium sulfate by centrifugation. The 
amount of the sulfate sulfur in the samples was adjusted to approximately 
the same concentration by the addition of 0.01 N sulfuric acid before pre- 
cipitation with barium chloride. This was also done in the case of the 
sulfate sulfur obtained from the various tissues analyzed. When possible 
the tissues of these rats were analyzed for total sulfur by Bailey’s (2) 
method. In other cases, an analysis of the sulfur content of tissues of 
normal rats was used as a basis for an estimation-of the expected con- 
centration. 

Weighed amounts of the tissues and feces were hydrolyzed for 8 to 12 
hours with 10 per cent sodium hydroxide on a steam bath. The hydroly- 
sates were then transferred to nickel crucibles and oxidized with a mixture 
of sodium carbonate and sodium peroxide, as recommended by Bailey (2). 
The barium sulfate was precipitated from a solution of the melt after it 
was made acid to Congo red paper. The barium sulfate was isolated by 
centrifugation. Diluted samples of the stock sodium sulfide solution, con- 
taining the radioactive sulfur, were similarly treated. 

After washing the barium sulfate precipitates twice with distilled water 
they were suspended in 70 per cent ethyl alcohol and transferred to shallow 
metal cups' in which a small drop of glycerol had been placed. (The glye- 
erol was used as a binder to prevent loss of the barium sulfate when the 
latter was dried.) After complete transfer of the precipitate had been 
effected, it was resuspended in the cup by gentle stirring with a fine glass 


1 Tops or bottoms of seamless tin boxes (} ounce size) manufactured by the Buck 
eye Stamping Company, Columbus, Ohio, have been found to be convenient and inee 
pensive receptacles for the samples. 
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rod to promote an even distribution over the surface. The liquid was 
permitted to evaporate at room temperature and the cups were then dried 
in an oven at 110° overnight. The above preparation of barium sulfate 
samples for radioactivity determination is essentially that developed by 
Hendricks eé al. (10). 

The relative concentration of radioactive sulfur (S*®) in the barium 
sulfate samples was determined with a Geiger-Miiller, bell type counter 
(Massachusetts Institute of Technology design) in which the filling gas is a 
mixture of denatured alcohol and argon at a pressure of 39 em. of mercury. 
The mica window has a thickness of 10 uw (2.8 mg. per sq.cm.). The rate of 
disintegration was recorded with an Esterline-Angus graphic instrument, 
model A. W. All samples were counted on the same day to make them 
comparable without calculation of the different degrees of disintegration. 

In a second experiment, two rats of approximately the same weight 
received 0.25 ml. each of a solution of sodium sulfide, containing radio- 
active sulfur (approximately 0.20 mg. of sulfide sulfur) by intraperitoneal 
injection immediately after their daily feeding period. Urine and feces 
were collected in 24 hour periods for the following 6 days. The urinary 
sulfur of the first 24 hour period was fractionated into inorganic sulfate 
sulfur, total sulfate sulfur, and total sulfur. All samples of feces and 
subsequent 24 hour urine samples were analyzed for total sulfur only. 

On the 7th day after the injection of the sodium sulfide solution contain- 
ing radioactive sulfur (S*), the same animals were each given 20 mg. of 
phenol (Merck, U.S. P., 98 to 100 per cent pure) in 2 ml. of distilled water 
by stomach tube. This was done imynediately after their daily feeding 
period. 15 minutes later they were given 0.25 ml. each of the sodium sulfide 
solution containing S* (approximately 0.20 mg. of sulfide sulfur) by intra- 
peritoneal injection. The urine and feces were again collected for the 
following 24 hours. The urinary sulfur was fractionated. 

DISCUSSION 

The results obtained in the experiment in which sodium sulfide contain- 
ing radioactive sulfur (S*) was administered by stomach tube are given in 
Table I. An examination of the data reveals that the sulfide sulfur was 
well absorbed and excreted in the urine. The major portion of the radio- 
active sulfur in the urine was found in the form of sulfate sulfur, both as 
inorganic sulfate sulfur and as ethereal sulfate sulfur. It would appear 
that the rat can oxidize sulfide sulfur to sulfate sulfur and thereby change a 
relatively toxic form of sulfur to one usually regarded as innocuous. This 
observation is in agreement with the results of Denis and Reed (5) obtained 
with dogs. 

Whether the relatively high concentration of radioactive sulfur (S®) in 
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the feces and gastrointestinal tract is due to unabsorbed sulfide sulfur js 
not decided. Much of it may represent unabsorbed sulfide sulfur. Other 
possibilities, however, suggest themselves. Despite precautions to mini- 


TaBLe I 
Concentration of Radioactive Sulfur (S*) in Excreta and Tissues of Male Albino Rats 
24 Hours after Oral Administration of Sodium Sulfide Containing 
Radioactive Sulfur (S*) 


Each rat was given 11.17 X 10° counts per minute of S* (1.66 mg. of sulfide sulfur), 








Rat Si, 215 gm. Rat S2, 208 gm 
ns Tissue Nie? tomer pane Tissue xe ie Counts 
weight | per gm. mg. $ a weight | per gm. |per mg. S “aan 
per min.| per min. per min.| per min 
em per cent gm. per cent 
Urinary inorganic SO, 
sulfur 100* 458.5 50.94 {41.0 |100* 388.5 45.70 (34.7 
Urinary total SO, 
sulfur 100 548.5 | 54.85 |49.1 |100 538.5 [53.85 /48.2 
Urinary total sulfur. . 100 877.0 | 73.08 (78.5 |100 577.0 |52.45 (51.7 
Feces 0.71 (6655.0 | 23.71 4.23 1.28 |2020.0 | 7.52 2.31 
Gastrointestinal tract. 11.56 612.1 5.13 6.33 | 10.61 | 639.0 | 5.34 | 6.07 
Bones 23.43¢, 114.3 | 1.43 | 2.40 | 22.67¢) 106.3 | 1.33 | 2.15 
Heart 0.47 40.6) 0.82 | 0.017) 0.59 27.3 | 0.58 | 0.014 
Kidneys 1.76) 98.4! 0.52 | 0.15) 1.76| 90.8| 0.48 | 0.14 
Spleen 0.31 112.8| 0.42 | 0.03! 0.31) 90.2! 0.34 | 0.02 
Gonads $52 22.9 0.26 | 0.09! 3.90! 33.7/ 0.38 | O.11 
Lungs 0.82 | 69.2/) 0.34 | 0.05; 0.94 
Blood 12.80¢ 39.3 %.21 | 0.45 | 12.36f) 47.9 | 0.25 | 0.53 
Liver 5.66 25.8) 0.17 | 0.13 8.76 | 42.5 | 0.28 | 0.33 
Brain 1.80 14.8! 0.18 | 0.02) 1.66! 13.9 | 0.17 | 0.2 
Skin 38.70t| 42.4 0.53 | 1.47 | 37.44¢) 12.8) 0.16 | 0.4 
Muscle 97.61¢ 9.7 | 0.046 | 0.85 | 94.43T 7.6 | 0.036 | 0.64 
Hair 4.17 1.5 0.0003) 0.005 4.72 3.8 | 0.0008) 0.016 
Total 203 .61 94 .722/200.15 64.48 


* Urine diluted to 100 ml., the latter as an approximation assumed to weigh 


100 gm. 
t Donaldson ((7) p. 185). 
t Calculated from the blood mass = 0.09603 (body weight)®* X 1.056 ((7) p. 288). 


mize the contact of urine and feces, it may be that part of the sulfur in the 


latter was due to contact with the urine. 

The high concentration of the radioactive sulfur (S*®) found in bone is 
interesting. Singher and Marinelli (11) observed that after the intra- 
peritoneal injection of sodium sulfate, in which the sulfur was labeled, the 























ir is 
ther 
Lini- 


Rats 


ur), 


unts 
SOV- 
red 


cent 


“I bo 


07 
15 
O14 
14 
02 
ll 








' 





D. D. DZIEWIATKOWSKI 727 


highest concentration of the labeled sulfur was to be found in the bone 
marrow. It may well be that in the rats used in the experiment reported 
here a partial concentration of the radioactive sulfur (S*) in the bones 
occurred after the oxidation of sulfide sulfur to sulfate sulfur. 


TaBLe II 


Rate of Excretion of Radioactive Sulfur (S**) by Young Male Albino Rats after 
Intraperitoneal Injection of Sodium Sulfide Containing Radioactive 
Sulfur (S*) 


Rat S3 Rat S4 
Day Sample | Counts | Counts . | Counts | Counts | ,. 4 
X 10-* per | x 10-* per} FOUntS | x 10-2per| Xx 10-+ | Count 
24hrs. | mg. S per 24 hours | per mg. S| 


permin. | min. ered per min. | per min. 











Each rat received 783.7 X 10° counts per min. S* (about 0.2 mg. sulfide sulfur 


on” | 





per cent | | per cent 
1 | Urinary inorganic SO, sulfur | 4235.0 | 5.29 54.0 | 3885.0 | 6.47 49.6 
total SO, sulfur 4785.0 | 5.31 61.1 | 4785.0 | 6.38 /61.1 
* = sulfur 5085.0 | 5.08 64.9 | 4985.0 | 5.54 [63 .6 
Feces 1277.0 1.08 16.3 1057.0 | 1.82 |13.5 
2 | Urinary total sulfur 437.0 | 0.44 5.58 | 407.5 | 0.45 | 5.20 
Feces 109.7} 0.11 1.40} 151.7 | 0.14 | 1.98 
3 | Urinary total sulfur 120.0; 0.12 | 1.58 136.0 | 0.15 | 1.75 
Feces | 34.7| 0.03 | 0.44 35.2 | 0.038 0.45 
4 | Urinary total sulfur 60.0 | 0.06 0.76 98.1 | 0.11 1.25 
Feces | 11.7) 0.01 0.15 17.2 | 0.02 | 0.22 
5 | Urinary total sulfur 52.8 | 0.05 0.67 120.0 | 0.12 | 1.53 
Feces 7.7 | 0.007 0.10 9.0 0.01 0.11 
6 | Urinary total sulfur 30.0 | 0.03 0.38 30.0 | 0.03 0.38 
Feces 2.9! 0.003 | 0.04 5.3 | 0.005 0.06 
Total 6 day excretion............| 7228.5 92.25 | 7052.0 | 89.98 


Each rat received 20 mg. phenol orally 15 min. before intraperitoneal injection of 
sodium sulfide containing 783.7 X 10° counts per min. S** (about 0.2 mg. 
sulfide sulfur) 


7 | Urinary inorganic SO, sulfur | 3085.0 | 10.28 | 39.4 | 3385.0 | 9.67 |43.2 
total SO, sulfur 6235.0 | 5.66 | 79.5 | 5785.0} 5.78 (73.8 

a “sulfur 6385.0} 4.91 | 81.5 | 5785.0 | 4.28 |73.8 
Feces | 4207.0} 1.12 | 16.5 | 1277.0| 1.17 16.3 


| 


Tarver and Schmidt (15) found that methionine sulfur may be used in 
the synthesis of cystine in the rat. On the other hand, sulfate sulfur was 
not used for this synthesis by rats. More recently, Smythe and Halli- 
day (13) have shown the existence of an enzyme or enzyme system in livers 
of various animals, man and rat included, which is capable in vitro of con- 
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verting sulfide sulfur to cysteine sulfur. In view of this demonstration, 
it may be possible that the slight though definite concentration of radio. 
active sulfur (S5*) found in the hair (Table I) is present as cystine sulfyr, 
It may, however, have been deposited there as sulfate sulfur, since Singher 
and Marinelli (11) did detect some radioactive sulfur in hair of rats after 
the administration of sodium sulfate containing S®. 

Table IT summarizes the results of the second experiment. These data 
again indicate the ability of the rat to oxidize sulfide sulfur to sulfate sulfyr 
and to excrete the latter in part as ethereal sulfate sulfur. The concentra- 
tion of radioactive sulfur (S*) in the feces was definite. However, it 
would be hazardous as yet to attempt to explain its presence there. 

It is noteworthy that the major portion of the radioactive sulfur ($*) 
was rapidly excreted by the rats within 6 days. A large fraction appeared 
in the excreta within the first 24 hours and the amount then progressively 
decreased. Approximately 90 per cent of the radioactive sulfur (S*) was 
accounted for by the end of the 6th day following its administration as 
sulfide sulfur. 

When the intraperitoneal injection of sodium sulfide containing radio- 
active sulfur (S*) followed the oral administration of phenol (Table II), 
the amount of radioactive sulfur (S*) recovered in the ethereal sulfate 
fraction was greater. Incidentally, it would seem that not all the phenol 
was excreted in combination with sulfuric acid. Some may have been 
excreted in combination with glucuronic acid, since the urines, when com- 
pared with urines collected from rats which had not received phenol, gave 
positive tests for glucuronic acid (the naphthoresorcinol test). 


SUMMARY 


About 50 per cent of the radioactive sulfur (S*) orally administered as 
sodium sulfide to rats appeared in the urine as sulfate sulfur within 24 
hours. Part of it was present in the ethereal sulfate fraction. Small frae- 
tions of the administered radioactive sulfur were found in all the tissues 
examined, including the hair. 

When sodium sulfide containing radioactive sulfur (S8*) was intraperi- 
toneally injected, the radioactive sulfur was excreted to the extent of 
approximately 90 per cent in the urine and feces in the course of 6 days. 
Some of it appeared in the urine as ethereal sulfate sulfur. The amount of 
radioactive sulfur (S*) appearing in the ethereal sulfate fraction was in- 
creased by the oral administration of phenol. 


The interest and advice of Professor C. 8. Robinson is gratefully acknow:- 
edged. The radioactive sulfur was kindly supplied by Dr. P. F. Hahn, 
who also graciously assisted with the radioactivity measurements. 
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ON THE ELECTROPHORETIC PATTERN OF RED BLOOD CELL 
PROTEINS* 


A PRELIMINARY STUDY 


Br KURT G. STERN, MIRIAM REINER, anno ROBERT H. SILBER 


(From the Department of Chemistry, Polytechnic Institute of Brooklyn, and the 
Chemical Laboratories of Mount Sinai Hospital, New York) 


(Received for publication, October 8, 1945) 


During the past 7 years, the electrophoretic behavior of serum and plasma 
proteins has been studied by numerous investigators (1, 2) and under a 
variety of conditions. In contrast to this situation in the field of dissolved 
blood proteins, the colloids present in the formed elements of blood seem 
to have received little or no attention from those engaged in electrophoresis 
research, except for a few isolated studies on purified hemoglobin (3). The 
bulk of experiments dealing with the electrochemical behavior of red blood 
cells have been performed on intact cells with the micro cataphoresis tech- 
nique (4) and, hence, yield no information about the number and electro- 
phoretic character of the intracellular proteins, since it can be shown that 
the behavior of a particle in an electrical field is a unique function of its 
surface (4). 

The experiments, which are exploratory in nature, indicate that the 
electrophoretic patterns of hemolysates of human, dog, and chicken red 
blood cells are considerably less complex than those given by the plasma 
and serum of these species. The reason for this phenomenon is not the 
greater simplicity in composition of the erythrocyte compared with the 
surrounding medium but the fact that hemoglobin represents quantita- 
tively by far the most dominant constituent of the non-nucleated red blood 
cell. Many of the other components are present in concentrations too 
small to give rise to boundaries detectable with the optical system here 
employed. 

EXPERIMENTAL 


Materials and Technique 


The human red blood cells employed in this study were obtained from 
citrated whole blood withdrawn from normal or nearly normal subjects. 
In two instances, the red cell count was near the upper limit of the normal 
range or even indicated a slight degree of polycythemia (hematocrit cell 
volume readings, 50 and 50.7 per cent respectively). The dog and the 

* This work was made possible by a grant from the Carrie 8. Scheuer Foundation 


of New York. 
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chicken’ erythrocytes were separated from oxalated and citrated whole 
blood respectively, which, in the latter case, was pooled from severg| 
animals. 
For the electrophoretic experiments, the cells were separated from the 
plasma by gentle centrifugation in an angle centrifuge. The top layer 
containing leucocytes was removed. The cells were repeatedly washed 
at the centrifuge with 0.9 per cent saline solution and then laked, in the 
packed state, by freezing in a dry ice-acetone bath and thawing at room 
temperature; this procedure was repeated twice. The laked cells were sys. | 
pended in 4 or 9 volumes of the buffer to be employed in the electrophoresis 
experiment and then dialyzed against 2 liters of the same buffer (see below) 
for several days in the refrigerator. Prior to the experiments, the dialyzed 
solutions were centrifuged for 10 minutes at approximately 4000 r.p.x, 
in the angle centrifuge to remove suspended solids. In the case of the 
human and dog cells, the sediment thus obtained was negligible, indicating 
that almost all of the red blood cell contents had been brought into solution 
by the combined action of lysis and of the weakly alkaline buffer. In the 
instance of the red blood cells of the chicken, a bulky, gelatinous precipitate 
formed during the dialysis and was separated from the hemolysate by the 
subsequent centrifugation. This material probably represented nuclear 
proteins which are insoluble at pH 8.6, the pH chosen for the experiment. 
A hemolysate of rabbit red blood cells which was, however, not examined in 
the Tiselius apparatus, yielded a voluminous, colorless precipitate under 
similar conditions. Since rabbit red blood cells are non-nucleated, the 
nature of this precipitate remains to be determined. 
In the majority of the experiments, the barbiturate buffer, recommended 
by Longsworth (2) for human serum, was employed. This buffer contains 


0.1 x sodium barbital and 0.02 n barbituric acid; its ionic strength is 0.1 and 
the pH 8.6. In one experiment with a human red blood cell hemolysate, 
a phosphate buffer mixture, 0.064 N with respect to NasHPO, and 0.008 x 
with respect to NaH2PO,, of 0.2 ionic strength and pH 7.5 was used. 

The electrophoresis experiments were carried out in a commercial Tiselius 
apparatus, with use of either the analytical cell constructed according to 
Tiselius and Longsworth (ef. (2)) or the Tiselius separation cell of 11 ee. 
capacity. The temperature was held constant at 1.1°; the time of elec- 
trolysis was 12,000 to 17,000 seconds, with a current of 0.015 ampere and 
a corresponding potential gradient of F = 6.6 volts percm. The electro 
phoretic diagrams were visually observed with the Svensson crossed slit 
method and photographically recorded on Eastman panchromatic plates 
with Longsworth’s schlieren scanning technique; as light source a single 


filament tungsten lamp was used. This made possible the observation | 


1 For the sample of chicken blood the authors are indebted to Mr. H. J. Noebels. | 
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and recording of refractive index gradients arising in the deeply red-colore 4 
hemolysates during electrophcresis. The mobilities of the various com- 
ponents giving rise to maxima in the diagrams were computed by measuring 
directly on the original negatives the distances of the peaks from the start- 
ing position of the boundary and dividing this distance (in em.) by the 
photographic magnification factor of the camera (1.094), the time of elec- 
trolysis (in seconds), and the potential gradient (in volts per em.). The 
mobilities were determined both for the descending and the ascending limb 
of the apparatus. The pH and conductivity of the various solutions were 
determined with the glass electrode and a conductivity bridge respectively. 

The analytical determinations, performed on the original solutions and 
on some of the electrophoretic fractions, included nitrogen (micro-Kjeldahl), 
protein by Wu’s tyrosine method, and hemoglobin by photoelectric color- 
imetry, checked by determining the oxygen capacity of the blood (for details 
of the analytical procedures see ¢.g. Reiner (5)). 


Observations and Results 


The most striking feature of the electrophoretic behavior of all red blood 
cell hemolysates examined thus far is the separation, in the ascending limb 
of the cell, of an opalescent, colorless component with an anodic mobility 
about twice as high as that of oxyhemoglobin at the pH values selected for 
these preliminary experiments. The phenomenon is best observed by 
direct inspection of the electrophoresis cell, either in transmitted or in 
incident light. In some experiments, the boundary of the opalescent 
material exhibited a cusped appearance and in others a slight amount of 
streaming, reminiscent of the behavior of dilute suspensions of elementary 
bodies of vaccinia during electrophoresis (6). In the descending limb of 
the cell, the relatively fast migration of the trailing boundary of the 
opalescent component leaves behind purified hemoglobin, resulting in a 
distinctly enhanced transparency of the deep red solution. The effect may 
best be compared with the removal of a veil or shadow from an under- 
lying brightly colored object. Owing to the limitations imposed upon the 
schlieren method by strongly colored and turbid media, the schlieren scan- 
ning photographs fail to bring out the features just mentioned in their full 
distinction. 

Under the experimental conditions employed, the ascending boundary 
of the opalescent component reached the top of the anode limb of the 
Tiselius-Longsworth analytical cell at a time when the oxyhemoglobin 
boundary had progressed to about the middle of the compartment. On the 
‘athode side, the downward movement of the opalescent material and the 
slower migration of the hemoglobin boundary left a clear and colorless zone 
in the upper part of the cell, which, as far as can be judged, did not contain 
a colloidal component. The stationary peak recorded in that limb would 
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thus correspond to the buffer-buffer concentration anomaly which, in the 
case of blood serum, has been called the «boundary (1,2). A corresponding 
stationary peak, designated as the 6-boundary, was observed and recorded 
in the ascending limb of the cell. 

Typical schlieren scanning diagrams, obtained with human hemolysates, 
are reproduced in Fig. 1. In these diagrams, there are recorded the low 
peak due to the opalescent, colorless material (a component), the dominant 
peak of the oxyhemoglobin (Hb), and a very small maximum due to a 
colorless component ( protein) of a mobility lower than that of hemoglobin, 
in addition to the 6 and € anomalies. The a and the b components amount 
to only a few per cent of the total protein present. A quantitative estima- 


Hb Hb 





Descending <———+ }+————-> Ascending 

Fig. 1. Electrophoretic patterns obtained with human red blood cell hemolysates. 
The diagrams of the descending and ascending boundaries were obtained in different 
experiments, with different samples of human erythrocytes. They are paired here 
merely for the purpose of illustrating the phenomena discussed in the text. 


tion of their concentration from the diagrams by planimetry is not possible 
because the experiments had to be conducted at hemoglobin concentrations 
too high to record the maximum of the hemoglobin peak on the plate by 
the scanning method. Moreover, the refractive increments of these com- 
ponents are not as yet known. Protein determinations by Wu’s tyrosine 
method and micro-Kjeldahl determinations on the various fractions, re- 
moved from the cell after electrophoresis, indicated that the opalescent a 
component amounts to only 2 to 5 per cent of the hemoglobin concentration. 
The Kjeldahl determinations are complicated by the nitrogen content of 
barbiturate. In one experiment with phosphate buffer, the nitrogen con- 
tent of the compartments containing the hemoglobin was about 6 mg. per 
ec., Whereas the corresponding figure for the a fraction was 0.16 mg. per 
ec. The a fraction may readily be obtained free from contamination by 
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hemoglobin; on the other hand, the hemoglobin fraction is contaminated 


e 
by the b protein which, at this pH, migrates at a rate so similar to that 


g 








Descending < Descending¢———_{ 
Fig. 2 Fig. 3 
Fig. 2. Electrophoretic diagram, recording the descending boundaries of a dog 
red blood cell hemolysate. (See also Table I.) 
Fig. 3. Pattern, recording the descending boundaries of a chicken hemolysate. 


(See Table I.) 
TABLE I 
Electrophoretic Mobilities of Components of Red Blood Cell Hemolysates* 
Experimental conditions, barbiturate buffer, pH 8.6, 1 = 0.1; potential gradient, 
F = 6.64 volts per cm.; temperature, 1.1 


Duration Mobilities of components X 10° 


Experiment! Red cells, of ee 
. seein electrolysis a protein Hemoglobin 6 protein ¢ protein 
nee 

371 Human 12,900 Ascending 5.81 2.91 1.48 t 

374 " 14,400 si 1.22 t t t 
Descending 7.51 3.50 2.24 

376 Dog 12.900 Ascending 6.14 2.57 t t 
Descending 6.43 2.57 1.59 

384 Chicken 16,800 | Ascending t 4.00, 2.91 t 
Descending t 3.50, 2.79 t 5.60 


* The assistance rendered by Mr. 8. Singer in the calculation of the mobilities 
listed in this table is gratefully acknowledged. 

t Not present. 

t Not determined. 


of hemoglobin that the compensation principle of Tiselius would have to 
be employed to effect a significant separation of these two components. 

The diagrams recorded upon electrophoresis of dog and chicken hemoly- 
sates are reproduced in Figs. 2 and 3 respectively. 
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It will be noted that the diagram obtained with dog erythrocytes (Fig. 2 
is very similar to those obtained with human red blood cells (Fig. 1). The 
chicken hemolysate, on the other hand, vields a pattern (Fig. 3) which 
differs greatly from those recorded for the two mammalian species: The 
hemoglobin boundary, in the descending limb, shows a distinct split into 
two components of similar mobility and, furthermore, there is present in 
the same limb a colorless component (¢ protein), of a mobility intermediate 
between that of the opalescent component (a protein) and the two hemo- 
globin fractions. There is no evidence in the avian red blood cell diagram 
for the presence of the 6 protein encountered in human and dog cell hemol- 
yvsates. 

The mobilities of the various boundaries observed in the hemolysates are 
listed in Table I. 


DISCUSSION 


Analytical work on the composition of red blood cells (7) has shown that, 
in non-nucleated erythrocytes, hemoglobin accounts for 87 to 95 per cent 
of the total solids. In addition, 5 to 12 per cent of other proteins, about 
0.6 per cent lecithin, about 0.4 per cent cholesterol, and a number of in- 
organic constituents have been found by chemical methods. Nucleated 
red blood cells, on the other hand, may contain as much of other proteins 
as they do of hemoglobin. In addition, erythrocytes are known to contain 
small amounts of sugars, glucuronic acid, creatine, and hemocuprein (a 
copper protein), as well as the full complement of enzymatic and non- 
enzymatic catalysts required for glycolysis and, in the instance of the 
nucleated cells, also for respiration. 

The low molecular constituents are removed by the dialysis preceding 
the electrophoresis. The majority of the colloids contained in the red 
blood cell, beeause of their low absolute and relative concentration, do 
not appear in the electrophoretic diagrams as obtained with hemolysates 
under our experimental conditions. With the exception of hemoglobin, 
the location of which in the electrophoresis cell may be readily ascertained 
with the aid of its color and spectrum, the nature of the other electropho- 
retic components (a, b, and ¢ protein) here observed and their possible 
identity with known red blood cell constituents remain to be established. 

Among the components here observed, the greatest interest attaches to 
the opalescent, colorless material of high anodie mobility at pH 8.6 (a 
component). The Tyndall effect given by this fraction indicates that the 
individual particles possess an appreciable size, but it cannot be decided at 
this time whether one is dealing here with a macromolecular protein (or 
lipoprotein) or with structural cell fragments in suspension. If this ma- 
terial is derived from the red blood cell membrane or the stroma, which 
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may be identical or closely related in their composition,* its electrophoretic 
mobility should agree with the mobility of intact erythrocytes as deter- 
mined with the microscopic cataphoresis technique. The mobility of 
human red blood cells at pH 8.35 and an ionic strength of 0.172, expressed 
in terms of V (u per second per volt) is given as 1.06 at 25° (8). Upon 
conversion into u (cm.? per second per volt), the mobility unit em- 
ployed in moving boundary experiments, this value becomes 10 X 10~. 
In order to reduce this value to the mobility at 1°, it must be divided by a 
factor of 2. The resulting figure, viz. u = 5 X 10°, is in satisfactory 
agreement with the values found for the mobility of the opalescent a protein 
in the present experiments (see Table I), thus lending strong support to 
the assumption that this component is contained in the surface of the red 
blood cell. It is planned to investigate this point further by chemical 
comparison of purified stroma protein with a protein prepared by electro- 
phoresis. 

It is planned to extend this investigation to cover a wider pH range, as 
well as to other animal species and to hemolysates obtained by various 
procedures from normal as well as pathological blood cells. 


SUMMARY 


Preliminary experiments on hemolysates from several species (man, dog, 
and chicken) by the moving boundary method of electrophoresis have dis- 
closed patterns considerably less complex than those recorded for the 
serum and plasma of the same species. The major component in the 
erythrocyte diagrams is represented by hemoglobin, as is to be expected 
from the analytical composition of the red blood cell. In addition, all 
hemolysates examined showed the presence of a small amount of an opales- 
cent, colorless fraction (designated as a protein) of an anodic mobility of 
about 6 X 10-° cm.? per volt per second at pH 8.6, as compared to about 
3 X 10-* for the hemoglobin. The mobility of the opalescent material is 
of the same order as that of intact erythrocytes, suggesting that it is derived 
from the membrane or the stroma of the cells. In addition to these com- 
ponents, human and dog hemolysates contain a minor, colorless component 
(b protein) of a mobility somewhat smaller than that of hemoglobin, while 
chicken red blood cells possess, instead, a component (c protein) of a 
mobility intermediate between that of hemoglobin and the opalescent 
material (a protein). 

The identity of the various components other than hemoglobin remains 
to be established. 


* Ponder, E., and Furchgott, R., personal communication. 
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ITATARTARIC ACID, A METABOLIC PRODUCT OF AN ULTRA- 
VIOLET-INDUCED MUTANT OF ASPERGILLUS TERREUS 


By FRANK H. STODOLA, M. FRIEDKIN, ANDREW J. MOYER, anp 
ROBERT D. COGHILL 


(From the Fermentation Division, Northern Regional Research Laboratory,* 
Peoria, Illinois) 


(Received for publication, October 18, 1945) 


A survey (1, 2) of numerous strains of Aspergillus terreus to determine 
their ability to convert sugars to itaconic acid has shown that, in addition 
to this unsaturated acid, some of the strains produce considerable amounts 
of saturated acids as well. The products of one of these strains, an ultra- 
violet-induced mutant, have been studied with the view of determining the 
nature of the acids. 

For separation of the saturated acids, the methyl esters were fractionated 
in vacuo to yield two main fractions boiling at 129-134° and 151-154° at 
2to3 mm. The lower boiling material was converted into an optically 
active benzylamide (m.p. 102°) showing the composition C;,H220,Ne. 


COOH COOH 
HC—COOH HO—C—CH;0H 

CHOH CH, 

aE COOH 


(D (II) 


Cleavage of this derivative with periodic acid yielded formaldehyde and an 
optically inactive compound, C,sHis03;N2, suggesting the parent acid to be 
a dihydroxylated dicarboxylic acid of the molecular formula CsHsO,. Of 
the nine acids of this formula theoretically possible only two, I and IT, can 
give formaldehyde on periodic acid cleavage. Since a compound with 
formula II is related to itaconic acid, it was considered the more likely 


possibility. To conform with this formula, the structure of the C:sH:sO;Ne2 
0 O O 


I | | 
cleavage product would have to be CsH;—CH:—NH—C—C—CH,—C— 
NHCH.—C,H;. That this is the correct structure was established by its 
reduction to a compound found to be identical with the dibenzylamide of 
dl-malic acid. 

* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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So far as we know, this is the first report of the formation of this homo. 
logue of tartaric acid by a microorganism. It has, however, been prepared 
synthetically (3-6) in the racemic form from itaconic acid and is known as 
itatartaric acid. Apparently, it exists only in the form of its salts. The 
lactone (6) of racemic itatartaric acid has, however, been isolated as a 
crystalline solid with a melting point of 104°. Our ester fraction with a 
boiling point of 151-154° is presumably the methyl] ester of the lactone, 
since it gives the same benzylamide as the lower boiling fraction. The 
lactone methyl! ester fraction (6.58 gm.) corresponds to 5.62 gm. when 
converted to the dibasic acid; similarly, the lower boiling fraction (5.40 
gm.) is equivalent to 4.61 gm. of the same acid. The yield of itatartaric 
acid, then, is 10.23 gm. or 5.8 per cent of the total weight of acid produced 
in the fermentation. 


EXPERIMENTAL 


Fractionation of Methyl Esters—The strain of Aspergillus terreus used 
(Northern Regional Research Laboratory, No. 265.514) is an ultraviolet- 
induced mutant (7) of an organism isolated originally from Texas soil and 
carried in the laboratory collection as Northern Regional Research Labora- 
tory, No. 265. Itwas grown at 30° for 10 days in 3 liter flasks (750 cc. per 
flask) on a medium of the following composition: Glucose 220 gm., MgS0,- 
7H:0 0.50 gm., KCl 0.05 gm., H;PO, 0.418 gm., ZnSO,-7H,O 0.022 gm., 
0.50 n HCl 4.0 cc., 0.50 n HNO; 8.0 ec., NH,NO; 4.0 gm., corn steep liquor 
1.0 gm., and distilled water to 1 liter. 

The culture liquor, after removal of the mold mats, was concentrated 
in vacuo (bath 50°) from a volume of 3.75 liters to 300 cc. The crystals 
of itaconic acid separated during cooling in the ice box were filtered off. 
The filtrate was then extracted continuously with ether for 24 hours. The 
ether extract was concentrated several times to remove more itaconic acid. 
A total of 134.9 gm. of crystalline itaconic acid was obtained from the 3.75 
liters of culture liquor. The filtrate, freed of most of the itaconic acid, 
was then concentrated to a gum weighing 43.8 gm. This residue was dis- 
solved in methanol and an excess of diazomethane in ether added. Re- 
peated fractionation of the methyl esters with a Vigreaux column gave the 
following main fractions: 83-95° (5 mm.), weight 6.31 gm. (mostly methyl 
itaconate as judged by the boiling point and bromine absorption) ; 95-105° 
(3 mm.), weight 2.74 gm.; 129-134° (2 to 3 mm.), weight 5.40 gm.; 151- 
154° (2 to 3 mm.), weight 6.58 gm.; and a tarry residue. 

Benzylamide from Fraction with Boiling Point of 129-134°—This methyl 
ester fraction with a boiling point of 129-134° was a viscous, pale yellow 
oil which on analysis proved to be Cz2sHy.sO. and showed an [a]?? = —29°. 
700 mg. were heated for 2 hours at 60° with 0.5 cc. of methanol and 2.0 ce. 
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of benzylamine. The reaction product was dissolved in ether and the solu- 
tion washed with dilute hydrochloric acid. The crystals (675 mg.) ob- 
tained by concentration of the ether were crystallized from methanol-ether 
in the form of long needles melting at 103—104°. Tests for sulfur, carbonyl, 
and alkoxyl were negative. The rotation was [a]? = —42° (55.1 mg. in 
1.50 ee. of 95 per cent alcohol). 

C;sH»2O.N2. Calculated. C 66.49, H 6.48, N 8.18 


Found. “ 66.6, ‘ 6.18, ‘ 8.30 (Kjeldahl) 
“ 66.8, ‘‘ 6.39, “ 8.16 ri 


Periodic Acid Cleavage—To the benzylamide (192 mg.), dissolved in 7.5 
ec. of methanol, was added a solution of 0.5 gm. of HsIO, in 0.5 ec. of 1 N 
H,SO,. Needles appeared in about a minute and were filtered off 1 hour 
later after the addition of 2 volumes of cold water. The product (115 mg.) 
melted at 172-173° with evolution of gas. Two crystallizations from 
acetone did not raise the melting point. The product is optically inactive. 
In alcohol solution, it gives a deep reddish color with FeCl. 


CisHisO;N2. Calculated. C 69.66,H 5.85, N 9.03 
Found. ** 69.6, “ 5.83, “* 8.94 (Kjeldahl) 
*“ 69.5, “ 6.02 


The other cleavage product was identified as formaldehyde in the fol- 
lowing manner. The benzylamide (9 mg.) was dissolved in 0.2 cc. of al- 
cohol and 20 mg. of HsIO, in several drops of alcohol added. After 1 hour, 
the reaction mixture was diluted with an equal volume of water and the 
erystals removed by filtration. The filtrate was made slightly alkaline to 
litmus with K2CO; and then slightly acid with acetic acid. The precipi- 
tated KIO, was filtered off and 12 mg. of dimethyldihydroresorcinol in 
0.15 cc. of aleohol were added. The crystals were separated and crystal- 
lized from dilute alcohol, yielding 1.8 mg. of needles (m.p. 187-188°) show- 
ing no depression on melting with an authentic sample of the formaldehyde 
dimedon condensation product. The x-ray diffraction patterns were also 
found to be identical. 

Reduction of Periodic Acid Cleavage Product—10 mg. of the cleavage 
product (m.p. 172-173°) were dissolved in 2 cc. of 1 N NaOH containing 
a few drops of alcohol. To this solution 0.6 gm. of 2 per cent Hg-Na was 
added gradually. Crystals appeared and.were filtered off. They weighed 
3 mg. and gave no color with FeCl; in aqueous alcohol. Crystallization 
from alcohol gave 1.8 mg. of product melting at 145-146°. Mixed melting 
point test and x-ray diffraction patterns showed it to be identical with the 
dibenzylamide of dl-malic acid. 

dl-Malic Acid Dibenzylamide—200 mg. of dl-malic acid in methanol were 
methylated with excess ethereal diazomethane. The methanol was re- 
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moved and the residue heated for 2 hours at 80° with 1 cc. of benzylamine, 
The reaction product was worked with ether and the resulting crystals 
removed by filtration. Crystallization from alcohol gave 220 mg. of the 
pure benzylamide in the form of bars melting at 145-146°. 

Ci sH2O3N2. Caleulated. C 69.21, H 6.45, N 8.97 


Found. ““ 69.4, “* 6.36, “* 8.60 
** 8.84 


Benzylamide from Fraction with Boiling Point of 151-154°—The methyl 
ester fraction with a boiling point of 151-154° (2 to 3 mm.) was a viscous 
yellow oil showing 20.4 per cent methoxyl. The calculated value for the 
lactone methyl ester (CsHsO;) is 21.0 per cent. A sample of the methyl 
ester (135 mg.) was converted to the benzylamide with a melting point of 
102-103° (106 mg.). There was no depression in melting point on admix- 
ture with the benzylamide from the lower boiling fraction. 


SUMMARY 


About 5.8 per cent of the total acids produced by an ultraviolet-induced 
mutant of Aspergillus terreus has been shown to be an equilibrium mixture 





of itatartaric acid and its lactone. These compounds have not previously | 


been found to occur naturally. 
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LETTERS TO THE EDITORS 





SOME PROPERTIES OF SYNTHETIC CODECARBOXYLASE 
Sirs: 


Codecarboxylase! (phosphorylated pyridoxal’), the coenzyme of amino 
acid decarboxylases" * and of transaminase,‘ has now been synthesized and 
purified as the barium salt. The chemical properties and their correlation 
with coenzyme activity are also reported. 

The treatment of pyridoxal’ in aqueous solution with POCI; has yielded 
codecarboxylase, which has been purified by the methods used for the frac- 
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tionation of phosphate esters, the codecarboxylase being found in the water- 
soluble, alcohol-insoluble fraction of the barium salts. The yield of coen- 
zyme was followed with the tyrosine decarboxylase assay® until yields were 
sufficient for purification. 


‘Gale, E. F., and Epps, H. M. R., Biochem. J., 38, 250 (1944). 

* Gunsalus, I. C., Bellamy, W. D., and Umbreit, W. W., J. Biol. Chem., 155, 685 
(1944). 

*Gale, E. F., and Braddily, J., Nature, 165, 727 (1945). Umbreit, W. W., and 
Gunsalus, I. C., J. Biol. Chem., 169, 333 (1945). 

‘ Lichstein, H. C., Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 161, 311 
(1945). 

’ We are indebted to Merck and Company, Inc., for the pyridoxal used in these 
experiments. 

*Umbreit, W. W., Bellamy, W. D., and Gunsalus, I. C., Arch. Biochem., 7, 185 
(1945), 
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The absorption spectrum of a sample prepared by this method, as given 
in the figure, differs from that of pyridoxal largely in the lack of an absorp. 
tion band at 3000 A in alkaline solution, the absorption spectrum of 
pyridoxal in the ultraviolet being similar to that of pyridoxine.’ Synthetic 
codecarboxylase does not give a phenol reaction by the chloroimide 
method,* which is positive for pyridoxal. 

The sample contains 6.2 per cent organic phosphorus, 32 per cent pyri- 
doxal by spectrum (1 atom of phosphorus per mole of pyridoxal), and about 
50 per cent barium. The coenzyme activity is about 18 times that of the 


\ 


Rate of Hydrolysis of Synthetic Codecarborylase at 100° inv HCl 








Time | Coenzyme destroyed | P liberated ne mane A, 
min. | per cent per cent per ceni per cent 
0 0 0 0 | 0 
30 49 42 42 48 
60 76 68 70 68 
90 79 78 Sl 81 
120 88 91 94 90 
180 99+ 99.7 100 100 











Pyridoxal content of sample estimated from spectrum = 32 per cent; from chloro- 
imide phenolic reaction after hydrolysis = 36 per cent. 


pyridoxal-ATP standard used in the assay system, thus affording confirma- 
tion of data on codecarboxylase formation from members of the vitamin 
B, group by growing cells.° 

Upon hydrolysis, in°x HCI at 100°, the codecarboxylase activity is de- 
stroyed, as is indicated in the table, with a corresponding release of inorganic 
phosphate, appearance of a phenolic reaction, and increase in absorption at 
3000 A in alkaline solution. 
I. C. GuNSALUS 
W. W. UmBREIT 


W. D. Be.iamy 
C. E. Foust 


Laboratory of Bacteriology 
College of Agriculture 
Cornell University 
Ithaca 
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INTERMEDIATES OF ACETATE OXIDATION IN KIDNEY 


Sirs: 

The recent report of Buchanan et al.' disclosing that components of the 
Krebs cycle are major intermediates of acetate and acetoacetate oxidation 
in kidney substantiates previous conclusions of Breusch? and Wieland and 
Rosenthal.? A paradoxical feature, however, is that, whereas the con- 
clusions of Breusch and Wieland are based on the actual formation of citric 
acid from acetoacetate and oxalacetate (confirmed by Hunter and Leloir‘), 
the isotopic tracer study by Buchanan et al. appears to eliminate citric acid 
as a direct participant in acetoacetate oxidation. 


C3 Concentration in Possible Intermediates of Acetate Oxidation in Kidney 





Additions 





Na citrate, 0.64 mu Na cis-aconitate, 0.45 mu kb opuduum, 





mau | C' excess mM C8 excess | mM C8 excess 
Acetate utilized............| 0.31 | 3.90 | 0.16 | 3.90 | 0.18 | 3.90 
Intermediate recovered.....| 0.36 | 0 | 0.26 (As 0 | 0.38) 0.24 
citrate) | | | 
Respiratory CO:........... 1.23 | 0.86 | 0.78 | 0.71 | 0.78 0.54 





Distribution of Excess C® in Ketoglutarate 





| Succinate 


COOH adjacent 
to CO carboxyls 


Succinate 
| 


Ketoglutarate 





C™ excess, atoms %........... 0.24 . 0.20 | o.21 | ~ 0.39 








Using sodium acetate, labeled with C" in the carboxyl carbon, we have 
found, in agreement with Buchanan et al., that acetate is converted to keto- 
glutarate by kidney slices. However, neither citrate nor substances in 
equilibrium with it appear to be intermediates of acetate oxidation in this 
organ. 

When labeled acetate, together with non-isotopic a-ketoglutarate, was 
incubated aerobically with rat kidney mince, the recovered ketoglutarate 
(isolated as the semicarbazone, m.p. 200-202°) had a significant excess of 


' Buchanan, J. M., Sakami, W., Gurin, S., and Wilson, D. W., J. Biol. Chem., 169, 
695 (1945). 

? Breusch, F. L., Science, 97, 490 (1943). 

* Wieland, H., and Rosenthal, C., Ann. Chem., 664, 241 (1943). 

* Hunter, F. E., and Leloir, L. F., J. Biol. Chem., 169, 295 (1945). 
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C™, Permanganate oxidation and subsequent degradation of the resulting 
succinate by pyrolysis of the barium salt at 500° indicated that about one. 
sixth of the excess isotope was in the ketoglutarate carboxy] adjacent to the 
CO group, the remainder being in the carboxyl carbons of the succinate 
moiety. 

When citrate and isotopic acetate were incubated with kidney mince, the 
recovered citrate (isolated as the trisodium salt) contained no excess C¥, 
Repetition of this experiment with kidney and liver slices gave similar nega- 
tive results. When isotopic acetate and cis-aconitate were incubated to- 
gether under the same conditions, rapid establishment of aconitase 
equilibrium resulted in conversion of the unutilized aconitate to citrate, 
which again contained no measurable C™ excess. 

Negative results in such experiments must be interpreted with caution, 
inasmuch as it is possible that a biologically formed, isotopic intermediate 
may not come into equilibrium with the added substrate. However, in 
view of the facts (a) that acetate oxidation had doubtless occurred, as shown 
by the high isotope content of the respiratory CO:, and (b) that this same 
procedure was successful in demonstrating the conversion of acetate to 
ketoglutarate and to acetoacetate,® the conclusion seems warranted that 
citric acid as such is not in the direct pathway of acetate oxidation in kidney. 

Inasmuch as aconitase was active, as was demonstrated by conversion of 
cis-aconitate to citrate, it would appear either that cis-aconitate is not an 
intermediate of acetate oxidation or that under the conditions of its 
biological formation it does not come into equilibrium with citric acid. 


Research Laboratories SipNEY WEINHOUSE 
Houdry Process Corporation of Pennsylvania Grace MEDES 
Marcus Hook, Pennsylvania NorMAN F. Fioyp 

Lankenau Hospital Research Institute LAFAYETTE NODA 


Philadelphia 
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5 Medes, G., Weinhouse, S., and Floyd, N. F., J. Biol. Chem., 157, 751 (1945). 
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A NUTRITIONALLY PRODUCED CEREBELLAR DISORDER IN 
CHICKS, NOT ASSOCIATED WITH E AVITAMINOSIS 
Sirs: 

A disorder in chicks involving an incoordination of movements and con- 
vulsions was observed on highly purified diets of the following composition 
per 100 gm.: water-washed casein 22.2, /(+)-arginine monohydrochloride 
0.3, glycine 0.9, /(— )-cystine 0.4, calcium gluconate 5.0, cellulose (Cellu flour) 
5.0, soy bean oil 3.0, fish oil (sardine) (3000 A-400 D) 0.25, sodium chloride 
mixture containing 0.49 per cent manganese, 0.1 per cent copper, 0.05 per 
cent zinc, 0.05 per cent aluminum, 0.002 per cent cobalt, and 0.04 per cent 
iodine 1.0, Cas(POx)2 3.5, KeHPO, 1.3, KCl 0.3, MgSO, 0.1, Na,SiO;-9H,O 
0.25, cholic acid 0.1, choline chloride 0.2, and glucose (cerelose) 56.2 gm. 
Toevery 100 gm. of the above mixture were added solubilized liver eluate 











, : ) Per cent of 
Day-old chicks in groups of 10 tee } tice with chicks with 
14 days brain lesions uineme 
—  ~— | i 
gm. | 
Purified ration + O mg. % vitamin E*........ 15 100 100 
me " eS . OF delete 17 100 100 
a * . Moga ag tnes 22 100 100 
Geemereial type ratiom. ....... 6.66.60 sssesess 41 





* Synthetic a-tocopherol (Merck). 


equivalent to 4 gm. of solubilized liver, thiamine hydrochloride 0.5 mg., 
pyridoxine hydrochloride 0.4 mg., riboflavin 0.5 mg.,d-calcium pantothenate 
1.5 mg., nicotinic acid 1.0 mg., 2-methyl-1,4-naphthohydroquinone diac- 
etate 1.0 mg., synthetic a-tocopherol (Merck) 1.0 mg., and biotin’ 0.01 mg. 

The solubilized liver eluate was prepared by extracting 1 kilo of 
solubilized liver? four times with 2 gallon portions of water brought to pH 4 
with sulfuric acid. The solids were allowed to separate by gravity and the 
supernatant fluid was removed by siphon. The clear extract was then 
treated twice with 250 gm. portions of charcoal at pH 4. The charcoal was 
removed by filtration and eluted with a solution of 60 per cent acetone and 
40 per cent water containing 2 per cent NH,OH. The removal of the ace- 
tone and ammonia and the concentration of the eluate were effected by 
distillation in vacuo. 


' Crystalline biotin donated by Merck and Company, Inc. 
* Liver fraction L donated by The Wilson Laboratories, Chicago, Illinois. 
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The disorder was found to be associated with a cerebellar lesion, obsery. 
able grossly in severely affected chicks and only microscopically in mild 
cases. While gross symptoms appeared in 70 different groups of chicks 
receiving the purified ration, none have been observed in chicks fed a com. 
mercial type ration composed of mixed natural feedstuffs. All chicks, 
affected by this disorder, whose brains were examined histologically, showed 
the cerebellar lesion. A full description of the syndrome and its production 
will be given in a later communication. [Illustrative data are presented in 
the table, which shows that vitamin E in generous amounts does not prevent 
this disorder. The factor in natural foods protecting against these lesions 
has not thus far been identified, and is being further investigated in this 
laboratory. 


Division of Poultry Husbandry F. H. Bm 
College of Agriculture 
University of California 
Berkeley 
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INFLUENCE OF GELATIN AND TRYPTOPHANE ON NICOTINIC 
ACID REQUIREMENT OF CHICKS* 


Sirs: 

Krehl et al.’ recently reported that either tryptophane or nicotinic acid 
counteracts growth retardation, in rats, caused by the inclusion of corn 
grits in a low protein ration. This observation has been extended to the 
chick and, in addition, it has been found that tryptophane may successfully 
replace nicotinic acid in a purified diet not containing corn. Further 
work has shown that the presence of gelatin in the ration greatly increases 
the nicotinic acid requirement. 

The basal diet, low in a source of arginine and glycine and in nicotinic 
acid,? consisted of glucose (cerelose) 68.4, casein 18, Salts 1M®* 6, soy bean 
oil 4, liver fraction L 3, and 1(—)-cystine 0.3. Each 100 gm. of diet con- 
tained the following amounts (in mg.) of vitamins: thiamine hydrochloride 
0.4, riboflavin 0.8, Ca pantothenate 2.0, choline chloride 200, pyridoxine hy- 
drochloride 0.6, biotin 0.02, 7-inositol 100, p-aminobenzoic acid 0.2, 2-methyl- 
1,4-naphthoquinone 0.1, and a-tocopherol 0.5. Vitamin A (1200 1. v.) 
and vitamin D (170 A. O. A. C. units) were supplied by dropper weekly. 
Substitutions in the ration were made at the expense of glucose. Day-old 
New Hampshire chicks were used throughout. 

The feeding of 10 per cent of gelatin alone, as a source of arginine and 
glycine, caused a marked depression of the growth rate (compare Groups 1 
and 5) and caused the production of typical nicotinic acid deficiency symp- 
toms.2 This inhibitory effect was not noted when gelatin was replaced by 
arginine and glycine, although the growth rate was probably not quite 
optimum. 

All inhibitory action was counteracted by supplementing the gelatin 
with either 5 mg. of nicotinic acid or with 200 mg. of di-tryptophane per 
100 gm. of diet. Likewise, the addition of either nicotinic acid or trypto- 
phane to the diet containing arginine and glycine produced similar rapid 
growth. 


* Scientific paper No. All2. Contribution No. 1992 of the Maryland Agricultural 
Experiment Station (Department of Poultry Husbandry). The author isindebted 
to Wilson and Company, Inc., Chicago, for 2X gelatin and liver fraction L and to 
Merck and Company, Inc., Rahway, New Jersey, for the crystalline vitamins. 

1 Krehl, W. A., Teply, L. J., Sarma, P. S., and Elvehjem, C. A., Science, 101, 
489 (1945). 

* Briggs, G. M., Jr., Mills, R. C., Elvehjem, C. A., and Hart, E. B., Proc. Soc. 
Ezp. Biol. and Med., 61, 59 (1942). Briggs, G. M., Jr., Luckey, T. D., Teply, L. J., 
Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 148, 517 (1943). 

* Briggs, G. M., J. Nutr., in press. 
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The inhibition reported in this study cannot be explained solely by the 
glycine content of the gelatin‘ (Groups 1 and 5). Likewise, the depressing 
effect of gelatin cannot be due to too high a level of nitrogen in the diet, 


Average No. with 


a Supplement to basal diet pr pee weight at | black- 
_— — 4 wks tongue 
gm. a 
1 10°, gelatin 30 144 24 
2 10% ” + 5 mg. nicotinic acid per 100 gm. 23 314 0 
3 10% «= ** + 0.1% dl-tryptophane 6 249 0 
4 10% 7 + 0.2% ” 24 325 0 
5 0.5% 1(+)-arginine HCl + 3°% glycine 12 274 0 
6 As Group 5 + 5 mg. nicotinic acid per 100 gm. 6 296 0 
7 + “5 + 0.2% dl-tryptophane 6 315 0 


as shown by the substitution of casein for gelatin in similar rations, which 
resulted in normal weight gains. Other factors are apparently involved. 


Department of Poultry Husbandry Georce M. Briacas 
University of Maryland 


College Park, Maryland 


Received for publication, November 14, 1945 





‘ Hier, 8. W., Graham, C. E., and Klein, D., Proc. Soc. Exp. Biol. and Med., 8, 
187 (1944). 
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MODIFICATIONS IN THE ACETOBACTER SUBOXYDANS ASSAY 
FOR p-AMINOBENZOIC ACID* 


Sirs: 


A previous communication’ has discussed the use of Acetobacter sub- 
oxydans for the assay of the lactone moiety of pantothenic acid. The 
growth medium for the organism therein described was changed in several 
respects from those used earlier for p-aminobenzoic acid assay,?* in par- 
ticular to include glucose, norit-treated peptone and liver, and additional 
norit-treated hydrolyzed casein. These changes produced a greater re- 
sponse when the lactone was added to the medium. 

It was thought that this enhanced response might also be exhibited when 
p-aminobenzoic acid was the limiting factor for growth. The results in 
the accompanying table indicate that this is the case. The 8-alanine and 
p-aminobenzoic acid in the medium for lactone assay’ have been replaced 


Response of Acetobacter suborydans to p-Amjnobenzoic Acid 





Galvanometer reading (optical density) 
PABA per 10 ml. 








Present modified medium Landy-Streightoff medium 
sa 
0 0.075 0.065 
0.002 0.285 0.195 
0.004 0.390 0.275 
0.006 0.440 0.320 
0.008 0.470 0.340 
0.010 0.490 0.360 





by 200 y of calcium pantothenate per liter. The growth resulting from 
added p-aminobenzoic acid is compared to that obtained on the Landy- 
Streightoff medium.* 

With the new medium, various samples of yeast have been assayed for 
their p-aminobenzoic acid content. The values obtained agreed well 
when calculated at progressively higher assay levels. Recoveries of the 
added vitamin usually were within +15 per cent of the theoretical values. 


Department of Chemistry Vernon H. CHELDELIN 
Oregon State College MarGAReET JEAN BENNETT 
Corvallis 


Received for publication, November 23, 1945 





* Supported by a grant from the Nutrition Foundation, Inc. Published with the 
approval of the Monographs Publications Committee, Oregon State College. Re- 
search paper No. 98, School of Science, Department of Chemistry. 

1 Sarett, H. P., and Cheldelin, V. H., J. Biol. Chem., 168, 311 (1945). 

* Landy, M., and Dicken, D. M., J. Biol. Chem., 146, 109 (1942). 

* Landy, M., and Streightoff, F., Proc. Soc. Exp. Biol. and Med., 62, 127 (1943). 
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a-Glycerylphosphory1-, lecithin metab- 
olism relation, Schmidt, Hershman, 
and Thannhauser, 523 
—, pancreas, isolation, Schmidt, Hersh- 
man, and Thannhauser, 523 
Phenylacetyl-, hydrolysis by esterases, 
Rothenberg, 419 
Cholinesterase: Oxygen pressure effect, 
Stadie, Riggs, and Haugaard, 175 
Codecarboxylase: Synthetic, proper- 
ties, Gunsalus, Umbreit, Bellamy, 
and Foust, 743 
Transamination, réle, Lichstein, Gun- 
salus, and Umbreit, 311 
Creatine: Determination, Lambert, 679 
Creatinine: Determination, Lambert, 
679 

Crotalus horridus: See Rattlesnake 
Cyanide: Loss, tissue metabolism in 
vitro, Riggs, 381 
Cytochrome: Oxidase, oxygen pressure 


effect, Stadie and Haugaard, 153 
D 
Dehydroascorbic acid: Perspiration,con- | 
ditions affecting, Shields, John- 
son, Hamilton, and Mitchell, 351 


Urine, conditions affecting, Shields, 
Johnson, Hamilton, and Mitchell, 


351 | 
Dehydrogenase: Succinic, oxygen pres- | 


sure effect, Stadie and Haugaard, 


153 

Desoxypentose nucleic acid: Tissue, 
extraction and determination, 
Schneider, 293 


Desoxyribonucleic acid: Tissue, deter- 


mination, Schmidt and Thannhauser, | 


83 

Dicumarol: Blood prothrombin, effect, 
Quick, 33 
Methylxanthines and, blood prothrom- 
bin effect, Quick, 33 


Diet: Tissue lipids, effect, Williams, 
Galbraith, Kaucher, and Macy, 463 


747 | 


| 
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| Diiodotyrosine: Iodide, inorganic, con- 
version, thyroid in vitro, sulfanil- 
amide-like compounds, relation, 
| Taurog, Chaikoff,and Franklin, 537 
| Diphenacyl ascorbic acid: p-, Vestling 
285 
285 


| and Rebstock, 
2,3-, Vestling and Rebstock, 
| . 
| Enzyme(s): See also Amylase, Anhy- 
drase, Arginase, Catalase, Cholin- 
| esterase, Codecarboxylase, Dehydro- 
genase, Esterase, Maltase, Oxidase, 
Pepsin, Transaminase, Uricase 
Erythrocyte(s): See Blood cell, red 
Esterase(s): Phenylacetylcholine 
drolysis by, Rothenberg, 


hy- 
419 


F 


Fasting: Liver nucleotides, acid-soluble, 


effect, Rapoport, 429 
Fatty acids(s): Oxidation, activation, 
Lehninger, 437 





Ben. Krebs tricarboxylic acid cycle, rela- 
| tion, Lehninger, 413 

Fibrin: Hydrolysis determination, Frost 
| and Heinsen, 517 
| Folic acid: Compounds, liberation, 
Luckey, Briggs, Moore, Elvehjem, and 
Hart, 395 


G 


Gelatin: Nicotinic acid requirement, ef- 
fect, Briggs, 749 
Glycerylphosphorylcholine: a-, lecithin 
metabolism relation, Schmidt, Hersh- 
man, and Thannhauser, 523 

—, pancreas, isolation, Schmidt, Hersh- 
man, and Thannhauser, 523 

_ Glycogen: Liver, acetate carbon rela- 
tion, Lorber, Lifson, and Wood, 411 

| Glycolysis: Brain homogenates, nicotinic 
acid amide and sodium, effect, Racker 

and Krimsky, 453 
Nerve tissue, anaerobic, Utter, Wood, 
and Reiner, 197 
| Growth: Soy bean meal effect, Ham, 
Sandstedt, and Mussehl, 635 
Tissue lipids, effect, Williams, Gal- 
braith, Kaucher, Moyer, Richards, 

and Macy, 475 
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H 


Hibernation: Rattlesnake blood, effect, 
Carmichael and Petcher, 693 
Histidine: Protein hydrolysates, deter- 
mination, Lactobacillus fermenti use, 
Dunn, Shankman, and Camien, 657 
Humidity: Pantothenic acid excretion, 
pantothenic acid dosage, tempera- 
ture, and, effect, Spector, Hamilton, 


and Mitchell, 145 
Hydroquinone: Urine, determination, 
Baernstein, 685 


Hydroxylamine: Carboxy! groups, detec- 
tion, use, Lipmann and Tuttle, 415 
Hyperplasia: Adrenal cortex, urine an- 
drostane-3(a),11-diol-17-one __ isola- 
tion, relation, Mason and Kepler, 


23 5 


I 


Inositol: Perspiration, Johnson, Mitchell, 
and Hamilton, 357 
Iodide: Inorganic, conversion to thy- 
roxine and diiodotyrosine by thyroid 

in vitro, sulfanilamide-like com- 
pounds, relation, Taurog, Chaikoff, 
and Franklin, 537 
Iodine: Biological materials, determina- 
tion, micro-, Spector and Hamilton, 

127 

Excretion, temperature and potassium 
iodide effect, Spector, Mitchell, and 
Hamilton, 137 
Isoleucine: Blood plasma, determina- 
tion, Hier and Bergeim, 717 
Itatartaric acid: Aspergillus terreus mu- 
tant, productiop by, Stodola, Fried- 


kin, Moyer, and Coghill, 739 
K 
Kidney: Acetate oxidation, intermedi- 


ates, Weinhouse, Medes, Floyd, and 


Neda, 745 
Arginase, steroid effect, Kochakian, 

115 
Pantothenic acid excretion, panto- 


thenic acid dosage, temperature, and 
humidity, effect, Spector, Hamilton, 


and Mitchell, 145 | 


INDEX 


L 


Lactobacillus casei: Factor, vitamin M, 
relation, Day, Mims, and Totter, 45 
Protein hydrolysate phenylalanine, de- 
termination, use, Dunn, Shankman, 
and Camien, 643 
Lactobacillus fermenti: Amino acid re- 
quirements, Dunn, Camien, and 
Shankman, 657 
Protein hydrolysate histidine, deter- 
mination, use, Dunn, Shankman, and 


Camien, 669 
Lactone: Panto-, activity, biological, 
Stansly and Schlosser, 513 


Lecithin(s): Fractionation, Welch, 65 


Metabolism, a-glycery]phosphoryl- 
choline, relation, Schmidt, Hersh- 
man, and Thannhauser, 523 

Purification, serologic use, Pangborn, 

71 
Leucine: Blood plasma, determination, 
Hier and Bergeim, 717 

Iso-, blood plasma, determination, Hier 

and Bergeim, 717 


Leuconostoc mesenteroides: Protein hy- 
drolysate phenylalanine, determina- 
tion with, Dunn, Shankman, and 
Camien, 643 


Lipid(s): Tissue, age and diet effect, 
Williams, Galbraith, Kaucher, and 
Macy, 463 


—, growth effeet, Williams, Galbraith, 


Kaucher, Moyer, Richards, and 
Macy, 475 
Liver: Glycogen, acetate carbon relation, 
Lorber, Lifson, and Wood, 41 
Nucleotides, acid-soluble, Rapoport, 
429 

—, —, isolation, Rapoport and Nelson, 
421 

Protein, regeneration, Harrison and 
Long, 545 
Lymphokentric acid: Conjugated, Twr- 
ner and Miller, 91 


M 
Magnesium phosphate: Solubility, bi- 


carbonate effect, Greenwald, 697 
Maltase: Starch enzymolysis, réle, 
219 


Schwimmer, 
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Manganese: Compounds, thyroxine for- ; Oxybiotin: di-, related compounds and, 
M, mation, iodinated casein, effect, biological activity, Winnick, Hof- 
45 Reineke and Turner, 613 mann, Pilgrim, and Axelrod, 405 
de- Methylnicotinamide: N'-, fate, Perl- | Oxygen: Poisoning, Stadie and Haugaard, 
tan, zweig and Huff, 417 153 
643 Methylxanthine(s): Blood prothrombin, Stadie, Riggs, and Haugaard, 175 
re- effect, Quick, 33 | Stadie and Haugaard, 181 
and Dicumarol and, blood prothrombin, | Stadie, Riggs, and Haugaard, 189 
57 effect, Quick, 33 Pressure, acetylcholine-synthesizing 
ter- Mold: See also Aspergillus system, effect, Stadie, Riggs, and 
and Myelokentric acid: Conjugated, Turner Haugaard, 189 
669 and Miller, 91 | —, d-amino acid oxidase, effect, Stadie 
eal, and Haugaard, 181 
513 | N | —, carbonic anhydrase, effect, Stadie, 
65 Nerve: Tissue, glycolysis, anaerobic, | Riggs, and Haugaard, 175 
ryl- Utter, Wood, and Reiner, 197 | —, catalase, effect, Stadie, Riggs, and 
rsh- Nicotinamide: N'-Methyl-, fate, Perl- | Haugaard, 175 
523 zweig and Huff, 417 —, cholinesterase, effect, Stadie, Riggs, 
mn, Nicotinic acid: Amide and sodium, brain and Haugaard, 175 
71 homogenates, glycolysis and oxygen —, cytochrome oxidase effect, Stadie 
on, uptake, effect, Racker and Krimsky, and Haugaard, 153 
717 453 —, pepsin, effect, Stadie, Riggs, and 
lier Requirement, gelatin and tryptophane Haugaard, 175 
7 effect, Briggs, 749 —, succinic dehydrogenase, effect, 
hy- Nucleic acid: Desoxypentose, tissue, Stadie and Haugaard, 153 
na- extraction and determination, —, uricase, effect, Stadie and Hau- 
and Schneider, 293 gaard, 181 
643 Pentose, tissue, extraction and deter- —, xanthine oxidase, effect, Stadie and 
ect, mination, Schneider, 293 Haugaard, 181 
and Nucleotide (s): Acid-soluble, _ liver, Tension, blood, determination, Riley, 
463 Rapoport, 429 Proemmel, and Franke, 621 
ith, —, —, isolation, Rapoport and Nelson, Uptake, brain homogenates, nicotinic 
and 421 acid amide and sodium, effect, Racker 
475 Nutrition: Chick, cerebellar disorder, and Krimsky, 453 
on, Bird, 747 
411 Py Pp 
ort, 
429 Organic compound(s): Identification, | Pancreas: a-Glycerylphosphorylcholine, 
On, buffer use, Craig, Golumbic, Mighton, isolation, Schmidt, Hershman, and 
421 and Titus, 321 Thannhauser, 523 
and —,smallamounts, distribution studies, | Pantoic acid: Activity, biological, 
545 Craig, Golumbic, Mighton, and Titus, Stansly and Schlosser, 513 
‘ur- 321 | Pantolactone: Activity, biological, 
91 Oxidase: d-Amino acid, oxygen pressure Stansly and Schlosser, 513 
effect, Stadie and Haugaard, 181 | Pantothenic acid: Excretion, panto- 
l-Amino acid, isolation, Blanchard, thenic acid dosage, temperature, and 
bi- Green, Nocito, and Ratner, 583 humidity, effect, Spector, Hamilton, 
697 Cytochrome, oxygen pressure effect, and Mitchell, 145 
ble, Stadie and Haugaard, 153 | Parathyroid: Extract, strontium, 
919 Xanthine, oxygen pressure effect, labeled, metabolism, effect, Tweedy, 
Stadie and Haugaard, 181 105 
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Pentose nucleic acid: Tissue, extraction 


and determination, Schneider, 293 | 


Pepsin: Oxygen pressure effect, Siadie, 


Riggs, and Haugaard, 175 | 


Peptide(s): Dunn, Shankman, and 
Camien, 643 
Dunn, Camien, and Shankman, 657 
Dunn, Shankman,andCamien, 669 

Perspiration: p-Aminobenzoic acid, 


Johnson, Mitchell, and Hamilton, | 


357 
Ascorbic acid, conditions affecting, 
Shields, Johnson, Hamilton, and 
Mitchell, 351 
Dehydroascorbic acid, conditions af- 


fecting, Shields, Johnson, Hamilton, | 


and Mitchell, 351 
Inositol, Johnson, Mitchell, and Hamil- 
ton, 357 


Phenol: Urine, determination, Baern- | 
stein, 685 


Phenylacetylcholine: Hydrolysis by es- 
terases, Rothenberg, 419 


Phenylalanine: di-, metabolism, thia- | 
mine deficiency, Kaser and Darby, | 


279 
Protein hydrolysates, determination, 
Leuconostoc mesenteroides and Lacto- 


bacillus casei use, Dunn, Shankman, | 
and Camien, 643 


Phosphate(s): Calcium carbonate solu- 
bility, effect, Greenwald, 697 
Phosphoprotein(s): Tissue, determina- 
tion, Schmidt and Thannhauser, 83 
Phosphorus: Compounds, _ tissue, 
Schneider, 293 
Potassium iodide: Iodine excretion, tem- 


perature and, effect, Spector, | 


Mitchell, and Hamilton, 137 
Pregnanediol-3a,117-one-20: Urine, isola- 
tion, Lieberman and Dobriner, 269 


Protein (s): Dunn, Shankman, and 


Camien, 643 
Dunn, Camien, and Shankman, 657 


Dunn, Shankman, and Camien, 669 | 
Animal, amino acid determination, | 


Hier, Graham, Freides, and Klein, 
7 
Blood cell, red, electrophoretic pattern, 


Stern, Reiner, and Silber, 731 


| Protein (s)—continued: 
Blood serum, species differences, 


Moore, 21 
Esterification, alcohols, use, Fraenkel- 
Conrat and Olcott, 259 


Hydrolysates, histidine determination, 
Lactobacillus fermenti use, Dunn, 
Shankman, and Camien, 669 

—, phenylalanine determination, Leu- 
conostoc mesenteroides and Lacto- 
bacillus casei use, Dunn, Shankman, 
and Camien, 643 

—, tryptophane-containing, prepara- 
tion, properties, and administration, 


White and Sayers, 485 
Liver, regeneration, Harrison and 
Long, 545 
Phospho-, tissue, determination, 
Schmidt and Thannhauser, 8 
Thromboplastic, human organs, isola- 
tion, Chargaff, 389 

| Proteolysis: Soy bean meal, Ham, Sand- 
stedt, and Mussehl, 635 
Prothrombin: Blood, Quick, 33 
—, dicumarol effect, Quick, 33 
—, methylxanthine effect, Quick, 38 

| —, — with dicumarol, effect, Quick, 
33 


Pyridoxal phosphate: Transamination, 
réle, Lichstein, Gunsalus, and Um 
breit, 311 


R 


Rattlesnake: Blood, Carmichael and 
Peicher, 693 
Ribonucleic acid(s): Desoxy-, tissue, de- 
termination, Schmidt and Thann- 


hauser, 8 
Tissue, determination, Schmidt and 
Thannhauser, 8 


Rice: Bran extract, tocopherol and, caro- 
tene preservation, effect, Tomarelli 

and Gyérgy, 367 

S 

Skin: Pantothenic acid excretion, panto- 
thenic acid dosage, temperature, and 
humidity, effect, Spector, Hamilton, 
and Mitchell, 145 
| Sodium: Brain homogenates, glycolysis 
and oxygen uptake, effect, Racker 
and Krimsky, 453 
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Soy bean: See Bean 


Starch: Enzymolysis, maltase dle, 


Schwimmer, 219 
Steroid(s): Kidney rginase, effect, 
Kochakian, 115 


Urine, adrenal cortex tumor and hyper- 
plasia, relation, Mason and Kepler, 
235 
Strontium: Labeled, metabolism, para- 
thyroid extract effect, Tweedy, 105 
Succinic dehydrogenase: Oxygen pres- 
sure effect, Stadie and Haugaard, 
153 
Sulfanilamide: -Like compounds, inor- 
ganic iodide conversion to thyroxine 
and diiodotyrosine in vitro, relation, 
Taurog, Chaikoff, and Franklin, 537 
Sulfide: Sulfur, fate, radioactive sulfur 
in study, Dziewiatkowski, 723 
Sulfonamide(s): Amine formation by 
bacteria, effect, Stetienand Fox, 333 
Sulfur: Sulfide, fate, radioactive sulfur 
in study, Dziewiatkowski, 723 
Sweat: See Perspiration 


T 


Tartaric acid: Ita-, Aspergillus terreus 
mutant, production by, AStodola, 
Friedkin, Moyer, and Coghill, 739 

Temperature: Iodine excretion, potas- 
sium iodide and, effect, Spector, 
Mitchell, and Hamilton, 137 

Pantothenic acid excretion, panto- 
thenic acid dosage, humidity, and, 
effect, Spector, Hamilton, and 
Mitchell, 145 

Thiamine: Deficiency, dl-phenylalanine 
metabolism, Kaser and Darby, 279 

Threonine: Blood plasma, determina- 
tion, Hier and Bergeim, 717 

Thromboplastic protein: Human organs, 
isolation, Chargaf,, 389 

Thyroid: Iodide, inorganic, conversion to 
thyroxine and diiodotyrosine in vitro, 
sulfanilamide-like compounds, rela- 
tion, Taurog, Chaikoff, and Franklin, 

537 

Thyroxine: Casein, iodinated, deter- 
mination, Reineke, Turner, Kohler, 
Hoover, and Beezley, 599 





Thyroxine—continued: 

Formation, casein, iodinated, man- 
ganese compounds, effect, Reineke 
and Turner, 613 

Iodide, inorganic, conversion, thyroid 
in vitro, sulfanilamide-like com- 
pounds, relation, T’aurog, Chaikoff, 
and Franklin, 537 

Tissue(s): Lipids, age and diet effect, 
Williams, Galbraith, Kaucher, and 


Macy, 463 
—, growth effect, Williams, Galbraith, 
Kaucher, Moyer, Richards, and 
Macy, 475 
Metabolism, in vitro, cyanide loss, 
Riggs, 381 


Tocopherol: Rice bran extract and, caro- 
tene preservation, effect, Tomarelli 


and Gyérgy, 367 
Transaminase: Green, Leloir, and 
Nocito, 559 


Tricarboxylic acid: Cycle, Krebs, fatty 
acid oxidation, relation, Lehninger, 


413 
Tryptophane: Nicotinic acid require- 
ment, effect, Briggs, 749 


Protein hydrolysates containing, prepa- 
ration, properties, and administra- 
tion, White and Sayers, 485 

Tumor: Adrenal cortex, urine andros- 
tane-3(a),11-diol-17-one _ isolation, 
relation, Mason and Kepler, 235 

Tyrosine: Diiodo-, iodide, inorganic, con- 
version, thyroid in vitro, sulfanil- 
amide-like compounds, _ relation, 
Taurog, Chaikoff,and Franklin, 537 


U 


Uricase: Oxygen pressure effect, Stadie 
and Haugaard, 181 
Urine: Androstane-3(a),11-diol-17-one 
isolation, adrenal cortex tumor and 
hyperplasia, relation, Mason and 
Kepler, 235 
Ascorbic acid, conditions affecting, 
Shields, Johnson, Hamilton, and 
Mitchell, 351 
Catechol determination, Baernstein, 
685 
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Urine—continued: 

Dehydroascorbic acid, conditions af- 
fecting, Shields, Johnson, Hamilton, 
and Mitchell, 351 

Hydroquinone determination, Baern- 
stein, 685 

Phenol detefmination, 

685 

Pregnanediol-3a,17-one-20 __ isolation, 

Lieberman and Dobriner, 269 

Steroids, adrenal cortex tumor and hy- 
perplasia, relation, Mason and 

Kepler, 235 

Vv 


Valine: Blood plasma, determination, 
Hier and Bergeim, 717 


Baernstein, | 





INDEX 


Vitamin (s): A, neo-8-carotene U, rela. 7 
tion, Kemmerer and Fraps, 305 

B,. See also Thiamine 

B;, function, Lichstein, Gunsalus, and 

Umbreit, 3ll 

M, Lactobacillus casei factor, relation, 

Day, Mims, and Totter, 45 


X 


Xanthine(s): Methyl-, blood prothrom- — 

bin, effect, Quick, 33 

—, dicumarol and, blood prothrombin, * 

effect, Quick, 33 
Oxidase, oxygen pressure effect, Stadie 

and Haugaard, 181 — 
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